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CORNELL  UNIVERSITY 
300  K€V  SYNCHBOTRCM 


(A)  Magnet  C-sectlon;  (A')  Oversize  C-section  providing  exit  space  for 
beam;  (B)  and  (C)  Upper  and  lower  pole  pieces;  (U)  Vacuum  chamber,  or 
donut;  (E)  Gun  for  injecting  electrons  into  the  donut;  (F)  Magnet  ooil, 
upper  and  lower  secrions;  (G)  Supports  for  coil;  (J)  Magnetic  shunts,  or 
flux  bars,  across  pole  gap;  (K)  Insulating  blocks  which  hold  flux  bars 
against  poles  by  means  of  stainless  steel  straps;  (L)  Vacuum  pumps; 

(M)  Internal  target.  The  gamma -ray  beam  is  indicated  by  the  three 
divergent  lines  originating  at  (K) . 


Fig.  1.  CUT-AWAY  DRAWING  OF  THE  CORNELL  UNIVERSITY  300-Mev  SYNCHROTRON 
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IHTRODUCTION 
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The  Cornell  electron  synchrotron,  constructed  and  operated  vith  the 
support  of  the  Office  of  BSaval  Besearch,  has  been  producing  experimentsLlly 
useful  beams  for  nearly  four  years  and  has  been  operating  at  ftill  energy  for 
over  three  years.  Gamma-ray  intensities  of  about  10^®  "equivalent  quanta" 
per  minute  can  be  obtained. 

Acceleration  takes  place  in  a donut-shaped  glass  vacuum  chamber  which 
rests  in  the  gap  of  a toroidal  electromagnet  cons’ of  24  C-shaped  sections 
with  open  faces  toward  the  center  of  the  magnet.  The  magnet  coil  is  wound 
through  the  windows  of  the  C’s,  above  and  below  the  orbitnl  plane,  !The  magnet 
is  tuned  to  resonance  at  30  cycles  per  second  with  a large  bank  of  capacitors.  In 
operation  the  peak  flux  density  in  magnet  gap  is  10,600  gauss,  corre- 

sponding to  an  electron  energy  of  318  MevB  the  design  orbit  radius  of  one 
meter. 

Blectrons  are  injected  into  the  donut  with  energies  up  to  100  Eev 
with  an  electron  gun.  Initial  acceleration  is  by  betatron  action,  with  the 
betatron  fliuc  provided  bv  saturating  magnetic  shunts  across  the  magnet  gap. 

The  47,7  me  radiofrequen^  eynchronous  accelerating  field  Is  turned  on  at  an 
electron  energy  of  6 or  8 Mev  as  the  betatron  shunts  begin  to  saturate.  The 
BT  resonator  conq)rises  a 45°  segment  of  the  donut,  and  is  mad.e  of  fused  silica, 
coaiied  inside  and  out  with  laminated  electroplated  silver  or  copper.  An  H7 
voltage  of  3000  volts  peak  can  be  developed  across  a non-conducting  gap  on  the 
inside  of  the  resonator.  Hseu:  the  peak  of  the  30  cycle  accelerating  period 
the  B7  voltsige  can  be  reduced  slowly,  allowing  electrons  to  spill  out  of  their 
orbits  and  strike  the  target  over  an  extended  period,  which  is  advantageous 
for  counting  experiments. 
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HBLgMt  current  is  sta'bllized,  electronically  through  control  of  the  genera- 
tor exciting  current.  Slectron  Injection  time  la  controlled  through  circuits  which 
measure  the  relatlre  amounts  of  visible  ll^t  radiated  by  the  electron  bunch  on 
successiye  acceleration  cycles  and  adjust  the  timing  for  maximum  radiation. 

Radiation  shielding  In  the  vicinity  of  the  magnet  Is  provided  by  concrete 
blocks  and  lead  bricks.  Radiation  intensities  behind  the  shielding  can  be  maintained 
at  low  enough  levels  so  that  no  health  hazards  are  Involved.  In  normal  operation 
the  synchrotron  Is  controlled  and  experimental  equipment  Is  monitored  la  another 
building,  separated  from  the  accelerator  room  by  30  feet  of  earth. 

Retailed  specifications  for  various  parts  of  the  machine  are  shown  In 

Table  I. 

Table  I 

General  Rata  on  Cornell  University  300-Mev  Synchrotron 

Magnet!  Toroidal  type,  composed  of  C-shaped  sections  arranged  radially 
around  a circular  orbit  with  gaps  toward  the  center.  Poles 
attached  to  top  and  bottom  legs  of  each  C-sectlon. 


¥ei^t,  over-all 

80  tons 

Height,  over-all 

88  inches 

Outside  diameter 

15^  inches 

Riameter  of  electron  orbit 

2 meters 

Vertical  gap  between  pole  pieces 

inches 

Hfcsbsr  of  C-eectlons  and  pole  sets 

2k 

Average  weight  of  C-sactions 

3600  lbs. 

Average  weight  per  pole  piece 

IlUO  lbs. 

Thickness  of  steel  for  "C"s  and  poles 

O.Old"  (29  gauge) 

Sufflber  of  magnetic  shunts  (flux  bars ) 

24 

Average  weight  of  shunts 

100  lbs. 

Thickness  of  steel  for  shunts 

0.005" 

Two  oversize  C-sectlons  extend  17"  beyond  15^"  diameter  to  provide 
exits  for  gamma-ray  beams  from  targets. 
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Coil: 

Height  of  each  of  two  sections 

9 inches 

Outside  diameter 

120  inches 

Inside  diameter 

99  inches 

Vertical  gap  between  sections 

6 inches 

Humber  of  cables  in  coil 

18 

Humber  of  turns  per  cable  (10  in  each 
section) 

20 

Active  length  of  each  cable 

585  feet 

Diameter  of  cables 

0.48" 

Strands  per  cable 

61 

•Diameter  of  cable  strands 

0.0438" 

Strand  insulation 

Bormvi^r 

Cable  insalationS  Claes  tape,  half  lapped,  clear  Olyptal  impregnated 


Bxcitatlon? 

Generator;  1000  kra,  2300  y,  3“-phs.s?s  slteriiator,  reconnected  to 
furnish  2300  v,  single  phase  A.C,,  30  cycles 

Usual  operating  power  I85  kw 

Tuning;  3 hanks  of  Pyranol  condensers  in  series  with  magnet  coil. 
Bach  outer  hank  455  condensers  in  parallel,  rated  3750  v rms, 

9.3  Center  hank  varied  with  desired  magnet  excitation; 

ustially  48  condensers  rated  as  above  and  352  rated  3380  v rms 
and  13«9  fif-  Condensers  connected  to  bus  bars  by  50OO  v,  14  amp 
fuses.  Hacks  of  J6  or  ?2  connected  to  bus  bars  by  switches. 


Vacuum  chamber  (donut);  Synchronous  resonator  is  incorporated  in  donut 

as  a single  section. 


Material , except  resonator 

Pyrex 

glass 

Material , resonator 

Bused 

silica 

Humber  of  glass  sections 

21 

Are  per  glass  section 

15® 
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Arc  of  resonator  section  45° 

Chajnber  cross  section:  Illlptlcal,  ?-l/8"  wide  x 2-13/16"  high 

Honlnal  wall  thickness  5/l6" 

Inner  surface,  glass  sections:  Silver  plated  In  3/8"  wide  longitudinal 

strips 

Besoaator  surface:  Silver  plated  inside  and  outside  in  1/4"  vide 

longitudinal  strips 

Chaaher  evacuated  by  a CVD-556  Kinney  punp  backing  two  MCJ-300  D.P.I. 
diffusion  pumps  on  opposite  sides  of  chamber. 


Injection:  Betatron-type  electron-gun  injector  driven  by  100-kv  transformer. 


Cooling: 

Magnet:  Air  cooled  by  30|000-cfn  blower.  Air  introduced  at,  base  of  magnet, 
channeled  toward  gap,  exhausted  at  top.  Cooling  system  permits  re- 
circulation. 

Condensers:  Air  cooled  by  20,000-cfm  blower.  Air  recirculated  auto- 
matically if  temperature  drops  below  60®?. 


A.  Magnet 


1.  Design 


The  synchrotron  magnet  was  designed  tu  maintain  electrons  in  a cir- 
cular orhit  at  energies  up  to  JOQ  Mew  with  a maximum  flux  density  of  10,000 
gauss,  the  corresponding  gap  radius  being  one  meter.  The  gap  height  is  3~l/k 
inches  and  represents  a compromise  between  economic  considerations  and  attain- 
able beam  intensity. 

The  magnet  consists  of  2k  C-shaped  laminated -steel  sections  located 
radially  on  an  orbit  of  radius  1 meter,  with  gaps  faclzig  inward  (Tig.  2). 

The  pole  pieces  are  built  up  etepwlse  in  a rough  approximation  of  a wedge  In 
order  to  allow  an  uninterrupted  circular  guide  field.  The  orer-all  diameter 
of  the  magnet  is  154  inches;  over-all  height,  59  Inches;  total  weight,  80  tons. 
The  C-sections  are  bolted  tc  an  annular  steel  base  which  is  spaced  about  1-1/2 
feet  above  the  floor  to  provide  access  to  the  center  of  the  magnet  from  below 
for  cooling  and  other  purposes.  Anniilar  metal  straps  on  top  of  the  assembly 
add  to  its  rigidity.  The  base  is  bolted,  without  shock  mounting,  to  a square 
concrete  pad,  4 feet  thick,  which  floats  on  the  building  foundation;  there  is 
no  rigid  connection  between  the  pad  and  the  remainder  of  the  floor  in  the 
synchrotron  room.  The  center  hole  in  the  base  plate  Euid  an  indentation  2-1/2 
feet  deep  in  the  concrete  pad  under  the  center  of  the  magnet  provide  a cen- 
tral pit  in  which  vacuum  pumps  are  mounted  and  into  which  a man  may  climb  to 
make  installations  and  repairs. 

The  C-sections  (Tig.  3 ) are  built  up  of  vertical  laminations  of 
0. 014-inch  silicon  steel  with  loss  rating  O.52  watts/lb.  for  60-cycle  excita- 
tion and  10,000  gauss  peak  field.  The  steel  was  obtained  from  the  Wheeling 
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Steel  Corporation^.  The  lamlnatione  were  cut  to  proper  shape  by  the  Magnetic 
Metals  Company^.  They  were  coated  with  General  Electric  enamel  Ho.  9576^  ^7  the 
General  Tiectric  Company;  this  particular  enamel,  which  has  a silicone  base,  was 
chosen  on  the  basis  of  performance  in  comparative  tests  of  mechanical,  thermal, 
and  electrical  properties.  The  laminations  were  stacked  into  C-sections  at  the 
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Hew  York  Ifoval  Shipyard  , where  many  structural  members,  including  the  magnet 
base,  were  also  fabricated.  Two  of  the  C-sectlons  have  longer  horizontal  legs 
than  all  the  others:  this  sillows  their  back  edges  to  be  displaced  about  17 
inches  radially  outward  beyond  the  15^1nch  magnet  diameter  to  permit  the  gamma- 
ray  becone  from  the  two  targets  within  the  donut  to  emerge  from  the  magnet  without 
striking  any  C-sections. 

The  pole  pieces,  i.e.  the  vertical  members  of  the  C-section  which  form 
the  gap,  are  also  of  laminar  structure.  They  were  stacked  sepaietely  from  the 
rest  of  the  C-sectlon  and  are  merely  clamped  in  place  for  ease  of  assembly,  ease 
of  adjustment  of  gap  height,  and  to  permit  installation  and  removal  of  donut 
sections.  Since  the  clamping  plates  cover  the  pole  pieces  for  only  a fraction 
of  tholr  length,  the  pole  pieces  were  vacuum- impregn'=  ted  with  Permefil^  after 
stacking,  to  help  bond  the  laminations. 

To  provide  central  flur  through  the  donut  for  the  betatron  stage  of 
the  electron  acceleration,  small  vertically-laminated  steel  shunts,  called  flux 
bars,  are  placed  across  the  pole  pieces,  thereby  linking  the  donut.  They  are 
held  in  place  by  means  of  metal  straps.  Flux-bar  laminations  are  of  0.005-lnch 


Armco''  silicon  steel  inealated  with  a coating  of 


f 1 a®* 


vere  varnished  and  baked  by  the  Hev  York  Baval  Shipyard'.  The  flux  bars  provide 


a flux  of  up  to  20,000  gauss  saturating  soon  after  synchronous  acceleration  be- 
gins. Flux  bsu*s  are  separated  from  pole  pieces  by  horizontally-laminated  steel 
pads  which  are  designed  to  channel  the  flux  from  the  pole  pieces  to  the  bars 
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with  mininiujn  eddy  currents,  or  flux  drainage,  in  the  pole  pieces;  this  serves 
to  minimize  heating  loss  and  magnetic  phase  shift  in  the  pole  pieces  due  to  eddy 
currents. 

The  coil  for  the  magnet  (?igs.  1 and  3)  Is  made  up  of  18  half-inch 

cables  connected  in  parallel  outside  the  magnet.  These  cables  are  stacked 

vertically  and  are  wound  helically  through  20  turns.  The  vertical  array  of 

cables  in  a turn  is  separated  from  adjacent  turns  by  wooden  spacers  l/2-inch 

thick  which  are  impregnated  with  paraffin.  The  coil  is  wound  in  two  equal 

sections  of  10  turns  each  above  and  below  the  gap;  the  18  connections  between 

cables  on  either  aide  of  the  gap  are  equally  spaced  around  the  magnet.  The 

cables  are  of  stranded  coj^per.  Xach  strand  of  the  cable  is  coated  with 
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rormvar  , and  the  cable  itself  1s  wrapped  with  two  layers  of  glass  tape.  The 
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coil  was  built  by  the  hyre  iiieciric  Company  . 

In  assembling  the  magnet,  the  coil  was  mounted  on  the  base  before 
the  C-sections.  The  pole  pieces  were  clamped  to  the  C-sections  after  the 
latter  were  installed  around  ths  coil;  then  flux  bars  were  added. 

As  designed,  the  magnet  can  store  energy  up  to  70,000  joules  or  more 
without  saturating. 


2.  Bxcitation 

A diagram  of  the  magnet  excitation  circuit  is  given  in  Pig.  4.  The 
generator,  which  is  driven  by  a 3-phase  synchronous  motor,  is  a 3-phase  delta- 
rnriTiiar  f.f»n  r.f*rr»  I'Or  r-HCnnnwC  t.«d  to  rUi'PiHri  h i Current  2300  v wnd 

30  cycles.  At  us\ial  magnet  excitation  (25OO  amps  r.m.s.),  the  generator  output 
is  80  amps;  this  causes  a slight  overload  in  one  of  the  generator  windings, 
which  are  rated  at  50  an5>s  r.m.s.  each.  The  field  excitation  for  the  generator 
is  supplied  from  a direct-current  motor-generator  whose  output  is  controlled 
through  a motor-driven  potentiometer. 


Fig. 4 Magnet  Excitation  Circuit 


11 


i 


She  resistance  B was  inserted  in  the  circuit  for  stability  on  the  basis 
of  initial  excitation  tests. 

Bach  outer  condenser  bank  C2  consists  of  455  Pyrancl  condensers  rated 
at  3750  ▼ rm®  maximum  and  9.3  pf  for  30-cycle  operation.  Because  the  flux  bars 
saturate  at  a low  value  of  the  field  in  the  magnet  gap,  the  inductance  of  the 

magnet  doss  not  remain  constant,  but  depends  on  the  degree  of  magnet  excitation. 

1 1' 

At  low  values  of  rms  magnet  current,  the  induclk^ce  is  about  40  millihenries, 
while  at  usual  excitation  (25OO  amps  rms  in  the  magnet),  it  decreases  to  about 
one- third  of  this  value.  The  center  bank  cf  condensers  is  always  adjusted 
to  allow  the  generator  to  run  at  unity  power  factor  for  the  desired  level  of 
excitation.  Bor  usual  excitation,  the  capacity  of  the  center  bank  is  5.3^0  pi, 
making  the  total  of  and  C2  13*8  mf*  In  preparing  to  run  at  lower  excitation, 
condensers  in  the  center  bank  are  disconnected  by  removing  individual  fusee, 
or  by  opening  switches  for  whole  racks  of  36  or  72  condensers.  Condenser  racks 
and  bus  bars  are  of  aluminum,  with  arc-welded  Joints.  Some  of  the  condensers 
in  the  center  bank  have  a rating  of  3380  v rms  and  13.9  pf  at  30  cycles,  which 
is  somewhat  different  from  the  outer  bank  rating  given  above. 

The  dependence  of  the  magnet  inductance  on  the  excitation  current 
presents  a problem  in  starting  up  the  magnet.  The  generator  breaker  is  closed 
with  the  generator  voltage  set  near  zero;  then  the  excitation  is  increased  to 
the  desired  level  by  increasing  the  generator  field  current.  With  the  condenser 
beu^ks  set  for  resonance  at  high  excitation,  the  circuit  is  far  off  resonance 
or  2.CV  1. 021  ® t ? I* t — v.p  to  ® 

curreatjl  from  the  generator.  In  order  to  avoid  excessive  leading  current, 
which  would  tend  to  self -excite  as  well  as  overload  the  generator,  the  variable 
Inductor  S was  placed  in  the  circuit.  The  inductor  has  an  iron  core,  approxi- 
mately 15"  X 15"  in  cross  section,  made  up  of  spare  laminations  from  the  syn- 
chrotron magnet.  The  core  is  wound  with  two  44-turn  coils  of  5OO.OOO  circular 


r\ 
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mil  stranded  copper  wire.  The  reactance  can  he  varied  from  about  1 to  17  ohms  hy 
moving  part  of  the  core  along  a planer  bed  with  a motor-driven  screw.  The  inductsmce 


is  at  a minimum  when  the  generator  breaker  is  closed,  and  is  automatically  Increased 
at  a sufficiently  fast  rate  that  the  generator  power  factor  can  easily  be  kept  near 
unity  as  the  excitation  is  increased.  A small  condenser  bank  is  connected  across 
the  inductor  to  tune  it  to  30-cycle  resonance  at  maximum  inductance.  The  breaker  B 
opens  to  take  the  inductor  out  of  the  circuit  when  it  has  reached  maximum  induc- 
tance. At  shut-down,  the  process  is  reversed.  This  device  has  proved  simple  and 
effective  for  reaching  high  excitation  without  drawing  excessive  leading  current 
from  the  generator. 

Power  dissipation  in  the  excitation  circuit  at  2500  amps  magnet  current 
is  about  185  kw,  of  which  about  100  kw  is  dissipated  in  the  magnet,  about  60  kw  is 
dissipated  as  heat  in  the  condensers,  and  the  remainder  is  dissipated  in  the  sta- 
bilizing resistor,  generator  windings  and  bus  bars. 

The  characteristics  of  the  magnet  excitation  circuit  are  shown  in 
Jig.  5 9 where  the  rms  magnet  and  generator  voltages  and  the  peak  flux  density 
in  the  gap  are  plotted  against  rms  magnet  current.  The  flux  density  was  measured 
by  comparing  on  an  oscilloscope  the  integrated  voltage  signal  from  a coil  of  known 
area  in  the  gap  and  the  signal  from  a known  voltage  source.  The  non-linearity  of 
the  curves  in  Pig.  5 ii^  the  region  of  low  magnet  current  is  due  to  the  presence  of 
flux  bars  in  the  magnet.  At  low  currents,  when  the  flux  bars  are  not  saturated 
throughout  most  of  the  cycle,  the  magnet  inductance  is  high,  causing  steep  slopes 
in  Lhe  two  voltage  corves;  as  the  inductance  decreases,  the  slopes  decreasSo  Tne 
peak  flux  density  c’Tve  would  be  linear  through  the  origin  if  the  magnet  current 
were  truly  sinusoidal;  however,  because  of  the  flux  bars,  the  magnet  current  is 
not  sinusoidal,  but  has  roughly  the  shape  shown  in  Pig.  6.  The  precise  shape  of 
the  current  wave  form  varies  with  excitation.  The  non-linearity  of  the  flux  curve 
results  from  reading  the  non-sinusoidal  current  with  an  rms  ammeter. 


xIO) 


in  Kilogauss 


IN  GAUSS 


ognetic  Field  vs  Time 
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Ma^et  current  tends  to  fluctuate  and  drift  as  various  components  in 
the  excitation  circuit  warm  up  or  cool  during  synchrotron  operation.  Because 


a steady  excitation  level  is  necessary  for  consistency  of  beam  energy,  an 
automatic  current  control  system  is  included  in  the  excitation  circuit.  A block 
diagram  of  the  control  system  is  shown  in  Fig.  ?.  Magnet  current  is  brought  up 
to  the  desired  value  by  manual  regulation  of  then  ie  set  manually  to  hold 
the  desired  current  with  the  Brown  amplifier  switch  closed.  If  the  magnet 
current  varies,  the  Brown  amplifier  output  pulse  will  make  one  of  the  6L6  tubes 
conducting.  Ihe  direction  of  the  signal  to  the  Brown  amplifier  depends  on 
whether  the  magnet  current  is  too  large  or  too  small,  and  determines  which  of 
the  tubes  will  be  conducting  (i.e.  during  which  part  of  the  alternating-current 
cycle  the  output  pulse  will  be  formed).  The  amplidyne  has  two  opposed  inputs 
which  cause  the  amplidyae  to  rotate  the  motor  in  opposite  directions,  depend- 
ing upon  which  tube  is  conducting.  The  motor  drives  ^ so  as  to  compensate  the 
generator  field  excitations  to  oppose  the  existing  variation  from  the  selected 
magnet  current.  A motor-driven  rheostat  was  used  in  preference  to  an  electronic 
rheostat  control  because  the  magnet  current  takes  a long  time  (a  few  seconds ) 
to  respond  to  excitation  changes  and  would  necessitate  the  incorporation  of  huge 
delays  into  an  electronic  control;  special  delays  are  not  necessary  when  a slow 
motor  is  used.  This  current-control  system  holds  the  rms  magnet  current  to 
±10  amps  in  25OO,  oriO.hjt.  Its  operation  is  stable  in  the  short  run,  but 
there  is  some  drifting  in  the  system  which  necessitates  the  resetting  of  R2 
after  several  hours  of  stead v nneration. 


The  synchrotron  magnet  was  originally  operated  at  60  cycles,  but  was 
converted  to  JO  cycles  in  order  to  reduce  the  magnet  heating,  lower  the  minimum 
voltage  required  in  the  radiofrequency  resonator,  and  reduce  the  effects  on 
field  perturbation  in  the  gap  due  to  eddy  currents. 

Zxcessivsj  heating  in  the  magnet  can  cause  the  electron  beam  intensity 
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to  drop  to  low  values,  or  even  zero;  the  reason  for  this  effect  is  uncertain. 
Other  deleterious  effects  of  overheating  are  softening  of  the  cement  which  bonds 
donut  sections,  and  possibly  decon^osition  of  the  interlaminar  insulation  in  the 
aagnst.  Halving  the  excitation  frequency  halved  the  hysteresis  loss;  the  oddy- 
current  heating  loss,  which  is  proportional  to  the  square  of  the  excitation 
frequency,  was  reduced  to  one-fourth  by  the  change. 

The  minimum  red.iofrequency  volteige  required  in  the  resonator  section 
of  the  donut  is  determined  by  the  energy  to  which  the  electrons  are  to  be 
accelerated  and  the  time  available  for  acceleration.  Halving  the  excitation 
frequency  doubled  the  time ’ available  for  acceleration  in  each  cycle,  and  there- 
fore halved  the  minimum  voltage  required  across  the  resonator  gap  for  accelera- 
tion to  any  given  energy.  Since  it  is  difficult  to  maintain  large  voltages  in 
the  resonator,  the  effect  of  the  change  to  30  cycles  was  to  make  it  easier  to 
attain  the  maximum  acceleration  corresponding  to  peak  guide  flux  density  in  the 
magnet  gap. 

Perturbing  fields  due  to  eddy  currents  are  proportional  to  the  excita- 
tion frequency;  for  a given  peak  field,  however,  the  value  of  the  main  field  at 
injection  time  is  independent  of  the  excitation  rate.  Therefore,  when  the 
excitation  frequency  was  halved,  the  relative  perturbing  effect  on  the  main 
field  due  to  eddy  currents  was  reduced  proportionally. 

The  change  to  lower  excitation  was  Justified  by  the  v’esultant  improve- 
ment in  operation  of  the  synchrotron.  The  changeover  required  little  rebuilding 
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tained  for  30-cycle  operation,  several  turns  had  to  >>e  added  to  the  coils  of 
the  variable  inductor,  and  more  capacity  had  to  be  added  to  the  magnet  and  the 
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inductor  condenser  banks. 
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3.  Cooling 

Temperature  in  the  magnet  is  measured  with  thenaocouples  attached  to  the 
pole  faces,  which  are  the  hottest  parts  of  the  magnet.  Although  the  insulating 
Yarnish  is  supposed  to  ho  stable  up  to  120°C,  the  magnet,  in  the  interests  of 
safety,  is  never  operated  with  the  thermocouple  reading  more  than  ?0°C.  Ho  evi- 
dence of  deterioration  of  the  interlaminar  insulation  has  been  found  to  date. 

The  magnet  is  air-cooled  by  a 30,000-cfm  blower  which  can  draw  air  from 
outside  the  building  or  from  a 2-compres8or  air-conditioning  unit.  Good  beam  in- 
tensity is  obtained  when  cooling  air  enters  the  magnet  at  about  40°F.  At  the 
usual  excitation,  with  about  100  kw  of  heat  loss  in  the  magnet,  the  air  exhausts 
at  about  60°F  and  the  thermocouple  reading  stays  at  about  65°C.  The  outdoor  tem- 
perature determines  how  much  of  the  cooling  air  should  be  recirculated  through  the 
air-conditioner,  brought  in  from  outside  and  refrigerated,  or  brought  in  from  out- 
side without  refrigeration.  About  70j6  of  the  magnet  cooling  air  is  the  most  that 
can  be  recirculated  through  the  compressors. 

Cooling  air  for  the  magnet  is  introduced  from  two  ducts  at  the  base  and 
exhausts  into  a single  duct  at  the  top.  Airtight  csuivas  panels  are  connected  to- 
gether by  sippers  to  cover  the  outside  of  the  magnet  between  the  ducts  and  force 
the  airflow  throu^  the  magnet.  Canvas  and  wooden  baffles  between  C-sections  and 
in  the  center  of  the  magnet  channel  most  of  the  air  through  the  region  around  the 
where  heating  is  most  serious. 

Since  the  refrigerating  system  inclxides  no  humidity  control,  care  must 
be  taken  not  to  blow  saturated  air  through  the  magnet  when  the  magnet  is  cooler 
than  the  cooling  air,  as  it  may  be  at  start-up;  synchrotrons  do  not  operate  well 
in  the  rain. 

The  condenser  oanks  associated  with  the  magnet  are  located  in  a locked 
room  which  is  cooled  by  a 20,000-cfm  air  blower.  At  usual  excitation,  the  heat 
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dissipated  In  the  condensers  is  about  60  kw.  Cooling  air  is  drawn  from  outdoors 
without  refrigeration  because  even  on  hot  days  the  temperature  in  the  condenser 
room  does  not  get  high  enough  to  cause  any  damage.  However,  the  blower  automati- 
cally begins  to  recirculate  the  cooling  air  if  the  temperature  in  the  condenser 
room  falls  below  60°F. 

Outdoor  air  for  both  blowers  is  drawn  through  a single  large  filter 

system. 


4,  Field  Measurements 


Pole  profile 

The  profile  of  the  magnet  pole  pieces  was  designed  largely  on  the 
basis  of  8 model-testing  program.  The  requirements  for  the  pole  pieces,  set 
on  the  basis  of  theoretical  and  economic  considerations,  were: 

1.  The  field  la  the  gap  should  vary  as  r"^/^  over  a region  at  least 
5 inches  wide,  (r  is  the  radius  from  the  center  of  the  magnet.) 

2.  The  vertical  clearance  inside  the  donut  should  be  2 inches  at  the 
electron  orbit,  which  means  that  the  gap  height  at  the  orbit 
should  be  3-1/4  inches  at  the  orbit  to  accommodate  the  donut. 

3.  With  a peak  field  of  10,000  gauss  at  the  orbit,  the  average  fl\uc 
density  in  the  pole  pieces  should  not  exceed  12,000  gauss  and  no 
sizable  regions  of  saturation  should  exist. 

4.  The  profile  should  consist  only  of  straight  lines  for  ease  of 
fabrication. 

The  third  requirement  was  satisfied  by  having  the  pole  pieces  beveled  from 
a radial  width  of  13  inches  to  7-3/4  inches  at  the  gap.  The  bevels  make  an 
angle  of  35°  with  the  vertical. 

Preliminary  measurements  of  field  characteristics  between  pole 
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pieces  were  made  In  an  electrolytic  bath.  The  electrodes  were  double-scale  models 
of  the  pole-piece  profile  (13-1/2  inches  wide  at  the  gap),  and  their  shape  was 
copied  from  the  pole-piece  profile  of  the  University  of  California  sy-ohrotron. 
Measurements  were  made  with  this  original  shape  and  with  several  modified  shapes 
to  determine  the  effect  on  the  field  plot  of  small  changes  in  the  profile. 

Further  measurements  were  made  in  the  gap  of  a l/3-scale  direct-current 
model  of  the  magnet  consisting  of  three  adjacent  C-sections  with  pole  pieces 
which  were  designed  on  the  basis  of  the  preliminary  measurements.  The  iron  in 
this  model  magnet  was  asachined  from  boiler  plate,  except  for  the  pole  pieces  and 
flux  bars,  which  were  of  cold-rol],ed  steel.  Field  measurements  in  the  gep  of  the 

center  C-sectlon  were  referred  to  the  field  at  a fixed  point  in  the  gap  of  one  of 

% 

the  outer  C-sections.  Measurements  were  made  by  a null  method  using  a bridge 
circuit  and  two  search  coils;  one  coil  could  be  moved  in  the  center  plane  of  the 
center  C-section  gap,  while  the  other  was  fixed  at  a reference  point  in  an  outer 
gap.  Values  of  relative  field  could  be  repeated  to  O.l^f.  The  search  coils  used 
for  most  of  the  plotting  were  a pair  with  these  features;  O.D.,  5/32";  I.D.,  3/64"; 
length,  3/8";  winding,  1350  turns  of  #40  Formex  wire;  resistance  about  45  ohms. 

In  order  to  measure  the  field  under  conditions  simulating  the  operation 
of  the  synchrotron  magnet,  the  model  was  run  through  a complete  hysteresis  cycle 
and  the  fluxmter  throw  was  observed  on  a rather  small  cha  n^b  out  zero  field.  A 
typical  cycle  consisted  of  respective  current  values  in  amperes  of  +10,  +-80, 

-80,  -10,  +10;  the  fluxmeter  was  obsemred  during  the  final  step. 

Because  the  pole  profile  does  not  have  cylindrical  sjormetry,  it  was 
necessary  to  determine  the  average  dependence  of  the  field  on  r for  all  azimuthal 
angles  9 from  the  radial  centerline  of  the  center  C-sectlon.  This  was  done  by 
taking  readings  at  intervals  of  1.5°,  from  ®..*0  to  9-7.5,  for  each  value  of  r. 

The  average  r dependence  of  the  field  H was  found  by  numerical  integration  of 
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the  expression 

p7.5 

H(r)=  H(r,e)  d9  (l) 

r *5 

''o 

The  results  for  the  three  model  pole-piece  designs  are  plotted  in  Tig.  8.  She 
dimensions  o-f  the  models  are  given  in  Tig.  9,  together  with  the  final  dimensions 
determined  from  this  testing  program. 

Tlux  her  design 

Initial  acceleration  of  electrons  by  the  betatron  principle  requires 
a rapidly  changing  flux  inside  the  orbit;  to  maintain  an  orbit  of  constant 
radius  r,  the  flux  ^ inside  the  orbit  must  be  related  to  the  fliix  density  B at 
the  orbit  by  the  relation 

d(^  2VT^  dB  (2) 

The  central  flux  required  for  r = 40"  is  about  5 times  the  leakage  flux  from 
the  magnet  poles.  The  necessary  flux  is  provided  by  placing  flux  bars  of 
laminated  iron  in  shunt  across  tne  magnet  gap.  The  reluctance  of  the  shunt 
path  is  adjusted  to  satisfy  the  betatron  condition,  Bq.  (2),  while  the  flux 
bars  are  unsaturated.  As  the  current  in  the  magnet  coll  rises,  electrons  are 
accelerated  by  betatron  action.  As  the  magnet  current  becomes  large  and  the 
flux  bars  begin  to  saturate,  the  central  flux  becomes  smaller  than  that  re- 
quired for  a stable  betatron  orbit,  and  th»  orbit  radius  begins  to  shrink;  at 
tniB  time,  power  is  applied  to  the  radiofrequency  resonator  to  continue 
acceleration  by  the  synchrotron  method. 

The  major  conditions  to  be  satisfied  in  designing  the  flux  bare  were 
the  followirg: 

1.  The  reluctance  of  the  shunt  path  should  satisfy  the  betatron  condition. 

It  was  decided  to  accomplish  this  by  providing  for  variable  air  gaps 
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'between  the  flux  bars  and  the  C-sectlons  which  could  be  adjusted  as  re- 
quired. 

2.  The  flux-bar  cross  section  should  be  as  small  as  possible.  A large  cross 
section  Is  undesirable  for  sereral  reasons:  It  makes  the  magnet  gap  less 
accessible;  It  causes  excessire  energy  storage  in  the  flux  bars;  It  makes 
excitation  more  difficult  by  causing  larger  generator  currents  at  start- 
up. However,  the  cross  section  must  not  be  so  small  that  the  flux  bare 
saturate  and  the  orbit  shrinks  before  the  electrons  have  reached  the 
relativistic  velocity  required  for  transition  to  synchronous  acceleration; 
the  instantaneous  orbits  for  betatron  and  synchrotron  action  should  be  the 
same  at  the  time  of  transition. 

3.  The  flux  bars  should  be  short  to  minimize  energy  storage. 

4.  Tlux  bars  should  not  perturb  the  field  in  the  gap;  this  is  most  easily 
accomplished  by  placing  them  some  distance  from  the  poles. 

The  behavior  of  flux  in  the  bars  as  a function  of  magnetizing  field  was 
studied  by  means  of  a small,  laminated  alternatlng-ciirrent  magnet  and  models  of 
flux  bars.  The  magnet  was  operated  at  60  cycles,  which  was  the  frequency  then  pro- 
posed for  the  synchrotron.  The  measurements  involved  the  determination  of  the  ratio 
of  the  rate  of  change  of  magnetic  field  in  the  bars  to  the  rate  of  change  of  mag- 
netizing field  as  a function  of  magnetizing  field.  Using  these  measurements,  the 
degree  of  non-linearity  between  flux  in  bars  of  a given  area  and  field  In  the  gap 

w««  calculated  for  the  full-scale  machine.  The  cross-sectional  area  finally  chosen 
2 

was  11.9  in  per  C-section,  which  gave  a calculated  variation  in  orbit  radius  of 
0.8";  the  magnetic  field  at  the  orbit  at  the  time  of  transition  (i.e.  when  the 
electrons  have  been  accelerated  to  2 Mev)  was  calculated  to  be  82  gauss.  Later 
measxirements  showed  the  flux  bars  were  actually  over-designed,  and  the  cross- 
section  area  was  reduced  to  10.2  in  . Iven  with  this  reduced  cross  section  th* 
flux  bars  ere  still  over-designed  since  in  actual  operation  the  transition  to 
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synchronous  acceleration  is  not  made  until  the  electrons  have  reached  an  energy 
of  6 or  8 Mev. 

Heating  losses  in  the  flux  "bars  were  also  investigated.  Because  the 
flux  in  the  flux  bars  changes  very  rapidly  as  the  magnetic  field  goes  through 
zero,  and  because  eddy  losses  are  proportional  to  the  mean  square  value  of  the 
rate  of  change  of  flux  density,  there  is  a considerable  heating  effect  in  the 
bars  due  to  eddy  losses.  Also,  because  saturation  occurs  in  the  flux  bars  as 
the  magnet  current  goes  through  its  maximum,  there  is  severe  heating  loss  due 
to  hysteresis;  magnetic  f''ix  density  is  about  21,000  gauss  in  the  flux  bars  at 
the  peak  of  the  cycle.  Eddy  losses  were  calculated  from  tests  on  flux  bar 
models  using  the  alternating  current  magnet  described  above.  Hysteresis  losses 
for  various  magnet  steels  were  determined  from  the  manufacturers’  performance 
data.  The  type  of  steel  and  thickness  of  laminations  in  the  final  design  were 
determined  after  considering  available  cooling  capacity,  allowable  temperature 
rise,  and  cost.  For  operation  at  60  cycles,  it  was  estimated  that  losses  in  the 
flux  bars  would  be  approximately  0.2  watt /lb.  due  to  eddy  currents  and  3.5 
watts/lb.  due  to  hysteresis. 

To  provide  maximum  access  to  the  magnet  gap,  the  flux  bars  were 
shaped  to  cover  only  pert  of  the  face  of  the  inside  edge  of  the  pole  piece;  to 
further  conserve  space,  the  bars  were  located  off  center  on  the  pole  feces — 
alternately  close  together  and  far  apart  on  adjacent  C-sections.  In  order  to 
minimize  flux  drainage  across  laminations  in  the  pole  pieces  due  to  these  two 
design  features  of  the  flux  bars,  pads  of  laminations  were  Included  between  the 

ends  of  each  flux  bar  and  the  pole  pieces  which  it  bridged.  Bach  pad  consists 

/*• 

of  laminations  in  the  horizontal  plane,  stsicked  12  inches  hi^,  1-1/2  inches 
wide  radially,  and  extending  across  the  exposed  face  of  the  pole  piece;  it  is 
separated  from  both  the  flux  bar  and  the  pole  piece  by  air  gaps  which  can  be 
adjusted  by  paper  shims.  The  function  of  the  pads  is  to  draw  flux  from  the 
pole  pieces  In  a fairly  uniform  manner,  diminishing  local  variations  in  field 
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strength  at  the  main  gap  of  the  magnet. 

The  length  of  the  flux  'bars  is  38";  on  the  ■basis  of  model  testing,  this 
was  considered  the  shortest  length  which  could  'be  used  with  the  assurance  that  it 
would  not  perturb  the  field  in  the  magnet  gap. 

Betatron  condition 

The  flux  bars  in  the  completed  full-scale  magnet  (operating  at  60  cycles) 
were  adjusted  to  satisfy  the  betatron  condition,  Iq.  (2),  with  the  help  of  the 
bridge  circuit  shown  in  Pig.  10.  The  pick-up  coil  was  a carefully  constructed 
flat  coll  with  30  turns  in  the  form  of  a 30°  sector  of  an  annulus  of  radial  width 
3"  and  mean  radius  40"  which  could  be  positioned  anywhere  along  the  orbit  in  the 
magnet  gap.  The  single  turn  flux  loop  was  placed  in  a milled  slot  in  a plywood 
annulus  in  the  magnet  gap:  its  radius  was  that  of  the  desired  betatron  orbit 
(r  39-7/8  inches).  Eie  signals  from  these  coils  were  fed  into  the  bridge  cir- 
cuit, and  the  oscilloscope  was  used  as  a balance  indicator.  An  integrated  signal 
from  the  flux  loop  was  used  to  produce  the  horizontal  deflection  because  it  was 
desired  to  study  in  detail  the  balance  near  zero  flux.  The  variable  resistance 
was  adjusted  to  show^  zero  vertical  deflection  of  the  oscilloscope  trace  at  the 
time  when  the  guide  flux  density  was  zero;  this  time  was  marked  by  a signal  from 
the  peaking  strip.  Vfhen  balance  is  achieved,  the  following  condition  holds: 

= ^ Ott)  (3) 

®l 

where  H and  A are  the  turns  and  area,  respectively,  of  the  pick-up  coil.  Bq.  (3) 
is  called  the  betatron  ratio.  The  paper  shims  which  determine  the  air  gap  between 
flux  bars  and  pads  were  adjusted  until  the  betatron  condition,  Bq.  (2),  was  satis- 
fied for  r = 39-7/8  inches.  A correction  coil,  described  below,  is  used  for  fine 
adjustments  of  the  betatron  ratio. 


di)/dt 

dB/dt 


netic  Measurements 
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The  same  circuit  was  used  to  measure  the  rate  of  change  of  the  betatron 
ratio  as  the  flux  bars  saturate.  Readings  were  recorded  of  for  balance  at 
▼arious  horizontal  distances  along  the  oscilloscope  trace.  The  horizontal  scale 
was  calibrated  by  putting  a known  60-cycle  voltage  through  the  integrator  and 
comparing  curves.  Relative  decrease  of  the  betatron  ratio  from  the  ratio  at 
B = 0 was  plotted  against  B up  to  B = 280  gauss.  This  plot  varied  roughly  quad- 
ratically  from  0 to  0.04.  The  shrinkage  of  the  electron  orbit  during  betatron 
acceleration  due  to  the  decrease  in  betatron  ratio  is 


X dB  , 


where  X is  the  relative  decrease  of  the  betatron  ratio  from  its  unsaturated  value. 
Since  the  variation  of  X with  B is  roughly  quadratic,  a good  approximation  to  this 
relation  is 


(5) 

At  the  transition  flux  density  at  the  orbit  of  82  gauss,  X is  about  0,004;  thus 
the  shift  in  orbit  ratio  is  only  about  0.05",  which  is  much  less  than  the  value 
0.8”  which  had  been  estimated  from  the  flux  bar  design. 


Radial  dependence  of  flux  density 

Measurements  were  made  in  the  gap  of  the  completed  magnet  to  see  whether 

: 

the  radial  denendence  T>f  flux  densltv  met  the  eonditinn  fn-r-  a ■fa'hia  • 


where  the  subscript  designates  the  stable  orbit,  and  0<n<l.  (Courant  gives 
other  limitations  on  n. ) The  pole  profile  was  designed  to  give  n = 2/3. 

e* 

Two  quantities  were  measured  to  cheok  the  radial  dependence  of  the  flux 
density;  the  time  derivative  of  flux  density  as  a function  of  radius,  and  the 


differences  in  time  at  which  the  flux  density  goes  through  zero  at  different 
radii.  At  high  densities,  small  phase  differences  have  no  effect;  hut  at  low 
densities,  when  the  electrons  are  injected,  the  effect  of  phase  difference  can 
he  very  great.  IThe  influence  of  phase  difference  is  shown  in  Fig.  6;  (a)  gives 
the  variation  of  flux  density  with  time  during  a quarter  cycle;  (h)  is  an  ex- 
panded plot  of  the  region  near  the  origin,  showing  the  behavior  of  the  flux 
density  at  two  different  radii,  assuming  in  one  case  no  phase  difference  and  in 
the  other  case  a phase  difference  At.  It  can  he  seen  that  a phase  difference 

ft 

can  seriously  affect  the  radial  dependence  of  the  flux  density.  As  a first 
approximation,  the  effective  value  of  n in  Eq.  (6)  can  he  expressed 

“eff  — dr  dt  B ' 

where  n is  the  exponent  obtained  from  measuring  the  time  derivative  of  flux 
density  as  a function  of  radius,  d^/dr  is  the  phase  lag  per  centimeter  increase 
in  radius,-  and  B is  the  flux  density  at  which  is- measured. 

The  relative  time  derivatives  of  the  flux  density  at  half-inch  incre- 
ments in  radius  were  measured  using  a circuit  similer  to  thet  shown  in  Fig.  10. 

Voltages  from  two  similar  coils,  one  fixed  and  one  movable,  were  compared  on 

0 , 

the  bridge.  The  coils  were  again  JO  sectors  of  an  annulus,  hut  only  1/2  inch 
wide.  Measurements  were  taken  over  the  entire  azimuth,  and  plots  were  made  for 
azimuthal  increments  of  13°.  The  logarithmic  elopes  of  these  plots  varied 
slightly  from  n "•  2/3o  hut  stayed  within  the  limits  of  zero  and  one  over  a 
region  5-1/2  inches  wide. 

The  relative  phase  at  some  JOOO  points  in  the  center  plane  of  the  gap 
was  measured  by  comparing  the  timing  on  an  oscilloscope  of  signals  from  a fixed 
and  a movable  peaking  strip.  Beadings  were  taken  with  the  movable  strip  at 
five  different  radii  in  the  gap.  The  limit  of  error  for  each  observation  of 
phase  difference  was  0.1  ;asec.  Phase  difference  from  the  arbitrary  fixed 
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point  va8  plotted  ae  a function  of  azimuth  for  each  radius;  the  plots  were  super- 
imposed for  comparison.  It  was  found  that  phase  does  not  change  with  radius  near 
the  center  of  a pole,  hut  that  In  the  region  between  C-sections  there  la  con- 
siderable lag  with  increasing  radius.  The  effect  Is  caused  by  flux  fringing  out 
of  the  sides  of  the  poles  Into  the  spaces  separating  them;  it  becomes  more  serious 
at  larger  radii  where  the  spacing  between  poles  Is  greater.  The  fringing  flux 
crosses  laminations,  inducing  eddy  currents  in  them  which  produce  the  lagging 
component . 

Relatlre  phases  were  averaged  over  azimuth  and  gave  the  following  re- 
sults for  60-cycle  excitation: 

Badius  (inches)  Phase  lag  (fiBtic ) 

38-3/8  0 

39- -3/8  0.11 

40- 3/8  0.31 

41- 3/8  0.68 

42- 3/8  0.99 

The  phase  lag  In  psec/cm  Is  seen  from  these  results  to  be  as  high  as  0.I5. 
Conversion  from  60-cycle  to  30-cycle  operation  reduced  the  lag  and  also  dB/dt 
by  a factor  of  two.  The  solution  of  Bq.  (?)  for  30-cycle  operation,  Injection 
of  electrons  at  100  kev,  and  acceleration  to  300  Mev  (n  =2/3,  d^/dr  =0.075 
|isec/cm,  dB/dt  0.7  x 10^  gauss/sec,  B =10.8  gauss)  is  n^^^  = I.I5.  This 
indicates  that  the  electron  orbit  Is  unstable;  but  It  Is  closer  to  stability 
than  with  60-cycle  excitation.  To  bring  down  to  a value  between  zero  and 

one,  correction  coils  were  installed  in  the  magnet  gap;  these  coils  are  de- 


scribed below. 
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variation  of  flux  density 

Phase  differences  between  poles  produce  aslmuthal  flux  density  raria- 
tions  which  can  distort  the  betatron  orbit,  especially  at  injection  time  when 
the  flux  density  is  low  and  the  yariations  are  relatively  large.  To  determine 
the  magnitude  of  these  yariations,  the  measuremehts  of  relative  phase  differ- 
ence at  one  radius  (r  » 40-3/8  inches)  were  averaged  over  each  pole  and  plotted 
as  a function  of  the  pole  number  (azimuthally  ordinal).  The  plot  is  given  in 
fig.  11.  This  curve  was  analyzed  for  its  content  of  the  first  three  harmonics; 
their  Eimplitudee  are  indicated  by  arrows. 

Bohm  and  Foldy^^  have  shown  that  if  the  flux  density  is  expressed 


r 


B = 


(8) 


where  B(r)  is  flux  density  as  a function  of  radius,  f is  an  azimuthal  harmonic, 
d is  azimuth  angle,  c<  is  a constant,  and  b is  the  ratio  of  harmonic  component 
to  fi(r),  then  the  oscillations  induced  by  the  harmonics  will  have  a relative 
aaplitude 

— = y • (9) 

f-1  ^ +*^eff  ^ 

where  is  the  exponent  in  Xq.  (6).  from  Xq.  (9)  it  can  be  seen  that  the 

low  harmonics  of  the  azimuthal  variations  are  the  most  serious.  Table  II  gives 
the  solution  of  Xq.  (9)  (assuming  — 2/3)  for  acceleration  of  electrons  to 
300  Key  under  two  different  conditione;  the  first  with  60-cycle  excitation  and 
injection  at  ?0  kv;  the  second  with  30-cycle  excitation  and  injection  at  100  kv. 
The  results  clearly  indicate  how  the  relative  inq)ortance  of  azimuthal  phase 
shifts  decreases  when  the  excitation  rate  le  decreased  and  the  injection  voltage 
is  increased.  The  total  amplitude  for  the  first  case,  which  is  typical  of  the 
early  operation  of  the  synchrotron,  is  of  the  order  of  the  width  of  the  donut; 
it  necessitated  the  installation  of  a series  of  correction  windings,  which  are 
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Fig.  11 


de8crll)ed  below.  In  the  second  case,  which  is  more  typical  of  current  operation 
the  total  amplitude  is  only  of  the  order  of  a centimeter  or  so;  however,  the 
cor  -sction  coils  are  still  necessary. 

Table  II 

Iffect  of  Azimuthal  Variation  of  Flux  Density  on  Gan  Flux 
and  on  Radial  Oscillations  at  Injection,  with  Acceleration  to  ?00  Mev 


Azimuthal 

Harmonic 

f 


60'v,70-k^  injection 

Bel.  Ma^itude  Amplitude  of 

of  Harmonic  Induced  Osc. 

b.  Ar/r 


30'“,  100-fcv  injection 

Bel.  Magnitude  Amplitude  of 

of  E^rmonic  Induced  Osc. 

b>.  Ar/r 


0.034 

0.051 

0.0065 

0.0097 

0.115 

0.030 

0.0214 

0.0058 

0.074 

0.009 

0.0148 

1 _ _ _ 

0.0017 

Correction  Colls 


Badisd  variation  of  flux  density 

The  method  used  for  correcting  phase  shifts  in  the  flux  density  is 
Indicated  schematically  in  7ig.  12.  The  radial  dependence  of  the  phase  is 
corrected  by  six  single-turn  concentric  annular  coils  above  the  donut  and  six 
below.  Zach  coll  is  insulated  and  has  an  annular  width  of  one  inch.  Corre- 
sponding coils  above  and  below  the  donut  are  connected  in  series.  A single 
annular  loop  and  return  surrounding  the  gap  flux  only  drlyna  all  of  these  cor- 
rection coils  through  a series  of  variacs.  By  adjusting  the  respective  variacs 
the  individual  coils  may  be  excited  with  either  a lagging  or  a leading  phase  to 
correct  for  the  distortion  already  present.  Large  variations  in  setting  of  the 
variacs  do  not  have  to  be  made  for  different  excitation  levels  because  the 
correction  remains  approximately  proportional  to  the  voltage  induced  in  the 
driving  loop.  In  the  latest  design  provision  is  made  for  a differential 
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adjustment  of  the  top  and  bottom  coile,  to  permit  raising  or  lowering  the  median 
plane  of  the  magnetic  field. 

Azlanittnil  variation  of  flux  density 

The  azimuthal  yariations  are  corrected  by  six  independent  sets  of  wind- 
is3gs  on  the  back  legs  of  the  C-sections.  The  number  and  direction  of  turns  on 
the  C-sections  which  are  associated  with  these  six  windings  represent  sine  and 
cosine  configurations  for  the  first  three  hsirmonics  of  the  azimuth.  ?ig.  12 
shows  the  pattern  for  a winding  to  correct  the  first  harmonic;  if  it  is  to  be 
the  sine  winding,  the  cosine  winding  would  be  identical  in  pattern  but  displaced 
by  90°  in  azimuth.  All  of  the  windings  are  driven  from  a single  loop  enclosing 
all  the  msignet  flux  through  variacs  which  permit  adjustment  for  the  amplitude  of 
each  harmonic  and  the  relative  amounts  of  sine  and  cosine  components. 

Ovsrsize  C-sections 

Because  of  the  increascid  iron  path  in  the  two  C-sections  which  extend 
radially  beyond  the  others  to  provide  a space  for  emerging  gamma-ray  beams,  these 
sections  lag  in  phase.  The  lag  is  corrected  by  winding  several  turns  around  the 
back  lege  of  these  sections  and  putting  through  them  enough  30-cycle  current  in 
phase  with  the  rest  of  the  excitation  circuit  to  condensate  for  the  lag. 

6.  Ad.lustment  of  Betatron  Hatio 

The  section  above  on  magnet  field  measurements  discusses  the  betatron 

ratio  measuremont  and  adjustment  to  satisfy  he  betatron  condition  by  changing 
the  air  path  between  the  flux  bars  and  pole  tips.  It  is  both  difficult  and  un- 
necessary to  try  to  satisfy  the  betatron  condition  to  better  than  a few  tenths 
of  a percent  with  this  type  of  adjustment,  because  a much  easier  method,  has 
been  provided. 
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Fine  adjustoenta  In  the  betatron  ratio  are  Bade  with  the  magnet  in  opera- 
tion. The  changing  central  fltix  at  the  beginning  of  the  excitation  cycle  inducea 
a voltage  acroea  the  enda  of  a coil  which  encompaaaea  all  the  flux  bare.  The  enda 
of  the  coll  80*0  connected  to  drive  a variac  rated  at  750  end  50  ampe.  An  LR 
circuit  ia  connected  between  one  end  of  the  variac  and  ita  movable  centertap  in 
order  to  provide  a variable  impedance  acroaa  the  driving  coil.  Varying  the  im- 
pedance variea  the  current  which  flowa  in  the  coil.  The  direction  of  the  current 
ia  alraya  auch  aa  to  reduce  the  rate  of  increase  of  central  flux  and,  therefore, 
reduce  the  betatron  ratio  in  the  aaae  proportion.  By  moving  the  centertap  the 
betatron  ratio  may  be  reduced  by  aa  much  aa  l/2^.  An  rma  ammeter  is  included  in 
the  circuit  as  an  adjustment  indicator. 

7.  Performance 

The  magnet  generally  operates  under  conditions  for  acceleration  of  elec- 
trons to  3dS  Mev  at  peak  field  (315  Mev  at  the  target);  this  means  a peak  gap  flux 
density  of  almost  11,000  gauss.  At  this  level  of  excitation,  the  magnet  current 
is  2500  amps  rma;  power  dissipation  in  the  magnet  alone,  as  determined  from  both 
electrical  measurements  and  cooling  requirements,  is  about  100  kw.  Calculations 
based  on  the  loss  rating  of  the  magnet  steel  predicted  that  the  magnet  power  con- 
sumption would  be  only  about  one-half  as  large;  the  excess  losses  are  believed 

e 

due  to  eddy  currents,  but  are  not  understood.  The  magnet  has  several  times  been 
run  successfully  at  2700  amps  rms  for  periods  of  a few  hours. 

Operating  time  for  the  magnet  is  about  22  hoTirs/day  on  a good  run. 
Continuous  nins  extending  over  a period  of  days  are  possible  virtually  all  year 
round,  but  on  some  of  the  hottest  summer  days  shut-downs  of  l/2  or  1 hour  in  24 
are  necessary  to  prevent  overheating.  Shut-downs  are  occasionally  necessary 
because  of  breakdowns  in  different  parts  of  the  synchrotron;  failure  of  any  part 
of  the  magnet  itself  is  rare.  The  most  frequent  breakdowns  are  due  to  vacuum 
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leak*  in  the  donut  and  resonator  or  hurned-out  injector  filaments. 

Because  of  poor  accesBibility,  common  repairs  take  appreciable  time, 
yor  example,  it  requires  8 to  12  hours  to  remove  and  replace  a section  of  the 
donut.  The  process  involves  dismantling  the  magnet  to  the  extent  of  removing 
several  flux  beurs  and  lifting  a pole  piece,  as  well  as  removing  part  of  the  air 
exhaust  duct  and  opening  the  canvas  cover  which  surrounds  the  magnet. 

Examination  of  the  magnet  during  periods  of  shut-down  has  turned  up 
some  evidence  of  deterioration,  flapping  of  laminations  on  the  corners  of  the 
pole  tips  causes  some  pieces  to  break  off  and  fall  out,  even  though  wedges  are 
inserted  between  pole  tips  to  minimize  flapping.  Some  of  thebe  dislodged  pieces 
of  steel  have  caused  short  circuiting  of  the  correction  colls  in  the  magnet  gap, 
necessitating  the  installation  of  heavier  insulation  to  protect  these  coils. 

Some  of  the  wooden  spacers  between  turns  in  the  magnet  coll  are  being  dis- 
lodged; but  no  major  damage  to  the  coll  has  occurred,  although  two  short  cir- 
cuits have  developed.  There  has  been  no  evidence  of  any  deterioration  of  the 
insulation  between  magnet  laminations.  The  condensers  have  offered  no  special 
problems,  and  show  no  signs  of  deterioration. 

B.  Donut 


The  acceleration  of  electrons  in  the  synchrotron  occurs  in  an 
evacuated  chamber  which  has  the  form  of  a hollow  donut  and  which  is  placed  in 
the  gap  of  the  magnet,  for  optlisum  performance,  the  properties  required  of  the 
donut  are; 

1,  Strength.  The  donut  must  not  fail  or  distort  when  evacuated  or  when 
subjected  to  thermal  and  vibrational  stress  in  the  magnet  gap. 

2.  Vacuum  tightness.  The  donut  must  sustain  a good  vacuum,  must  not  leak 
or  give  off  gases.  This  minimizes  beam  losses  by  collision. 
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3-  Naziimui  cross  section,  for  given  height  euid  width  of  the  magnet  gap,  the 
donut  cross  section  should  encompass  the  maximum  area  of  useful  guide 
field  in  order  to  maximize  the  size  of  the  accelerated  heam. 

4.  Absence  of  ziagnetic  properties.  To  avoid  distortion  of  the  field  in  the 
gap,  the  donut  should  be  non-magnetic. 

5.  Charge  dissipation,  llectron  bombardment  should  not  cause  charge  accumula- 
tions on  the  donut  walls  which  set  up  unwanted  electric  fields  and  distort 
the  beam  trajectory.  The  inside  surface  of  the  donut  must  be  conducting, 
but  it  must  not  permit  large  eddy  currents. 

The  donut  presently  in  use  (7ig.  13 ) is  constructed  of  twenty-one 
straight  Pyrex^^  glass  sections,  each  taking  up  I5”  of  donut  arc,  suid  one  45** 
curved  resonator  section  of  fused  silica.  (The  resonator  is  discussed  elsewhere 
in  this  paper.)  The  donut  cross-section  is  oval,  with  outer  dimensions  7-1/8 
inches  wide  by  2-I3/I6  inches  high.  Wall  thickness  is  nominally  3/I6  inches,  but 
this  dimension  varies  by  as  much  as  I/8  inch  in  the  glass  sections.  The  glass 
sections  are  all  11-1/2  inches  long  at  the  outside  edge;  their  ends  are  ground  flat 
at  an  ar.gle  of  to  this  edge,  so  that  the  sections  will  each  take  up  1$^  of  arc 
when  their  ends  abut. 

fabrication  of  the  glass  sections  was  carried  out  at  the  Corning  Class 
Works,  Corning,  H.T.  The  sections  weT*e  first  blown  and  cut  to  approximate  size, 
then  ground  to  proper  length  and  angle  on  a wet-belt  sender.  After  coating  the 
inside  surface  with  a conducting  layer  (discussed  below),  the  sections  were  tem- 
pered. They  were  tested  for  strength  with  psi  external  pressiire.  Hemoval  of 
blemishes  by  end-lapping  completed  the  fabrication. 

Hot  adl  of  the  glass  sections  are  simple  toroidal  sections.  Some  of  the 
sections  have  side  arms  of  2-inch  diameter  Fyrex  pipe  protruding  at  right  angles 
from  the  inner  or  outer  edge;  to  these  pipes  are  attached  vacuum-pumping  tubes. 


Fig.  13  Resonator  and  Donut  Section 


40 


th«  injector,  targets , and.  detectors.  Tvo  sections  contain  outside  i>erte  set  at  an 
0 

angle  of  JO  to  the  edge  to  provide  exits  for  the  ganma-ray  heams  from  the  two  tar- 
gets; these  ports  are  covered  with  thin  Incite  windows  to  minimize  the  production 
of  secondary  electrons  in  the  heam  while  maintaining  vacuoiB-ti^tness  in  the  donut. 

Joining  and  vacuum-sealing  the  donut  sections  was  one  of  the  major  prob- 
lems in  the  completion  of  the  synchrotron.  At  present,  the  glass  sections  are 

l4 

cemented  together  in  groups  of  three  with  Tinylseal  Cement  type  X24-9.  Yacuum 
seals  between  adjoining  groups  are  made  with  l/l6-inch  molded  neoprene  gaskets  of 
L-shaped  cross-section.  One  gasket  is  stretched  like  a sleeve  over  the  outside 
edge  of  each  abutting  section.  Xbese  sections  are  then  clamped  together  in  two 
places  by  tightening  bakelite  screw-type  clamps  hooked  over  bakelite  "ears"  attached 
to  the  sections.  The  ears  are  attached  to  the  outside  and  inside  edges  of  a section 
by  cementing,  lashing  with  fishline,  varnishing  the  bakelite  and  fishline  with 
Olyptsd^^,  and  baking. 

When  the  entire  donut  is  installed  in  the  magnet  gap,  its  position  can 

be  varied  and  the  pressure  at  the  fltixible  Joints  increased  by  tightening  several 

bakelite  yokes  which  fit  against  the  donut.  These  yokes  are  adjusted  by  means  of 

threaded  bakelite  rods  which  extend  from  the  yokes  to  the  outside  edges  of  the 

magnet  C-sections,  passing  between  the  magnet  coils. 

The  donut  is  evacuated  by  a Einney  type  CYD-556  fore  pump^^  and  two 

17 

Distillation  Products  type  TMY-260  diffusion  primps.  The  vacuum  attainable,  as 

xs 

measured  on  an  BCA  type  194-9  ion  gage  near  the  diffusion  pump,  is  generally 
about  10~-^  mm  Hg,  and  has  been  as  low  as  10~^  mm  Hg. 

Tho  conducting  inner  surface  of  the  donut  must  prevent  charge  accumula- 
tion and  yet  be  of  sufficiently  high  resistance  to  keep  eddy  currents  from  inter- 
fering with  the  guide  field.  The  synchrotron  was  originally  operated  with  the 
donut's  inner  surface  coated  with  a thin  layer  of  evaporated  chrcmium;  this  coating 
did  not  stand  up  under  the  intense  electron  bombardment  near  the  in.jeetor.  The 
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donut  sections  In  present  use  were  painted  with  silver  paint  before  tendering, 
then  plated  with  a half-mil  la7er  of  silver.  The  coating  is  divided  into  3/8- 
inch  lengthwise  strips  by  scribing;  this  keeps  the  eddy-current  effect  very 
small*  However,  since  teste  indicate  that  sufficient  charge  can  accumulate  on 
the  scribe  lines  to  destroy  the  electron  beam,  the  lines  are  coated  with  a fairly 
poor  conductor;  India  ink  and  various  "dj^”  have  proved  satisfactory  for  this 
purpose. 

0.  Badicfreauency  Systam 


1.  Design  requirements 


Synchronous  acceleration  is  accomplished  by  radiofrequency  methods 

similar  to  those  employed  in  the  Oeneral  Zlectric  Company  and  Berkeley  electron 
19 

synchrotrons.  Accelerating  voltage  is  developed  across  the  open  end  of  a 
quarter-wave  resonator  (Tig.  13)  so  constructed  that  it  forms  a section  of  the 
vacuum  chamber,  or  donut.  A modulated  oscillator  supplies  radiofrequency  power 
to  the  resonator  through  a transmission  line.  The  electrical  specifications 
which  the  system  must  meet  ares 

1.  Treguency.  The  period  of  the  radiofrequency  voltage  is  Just  the  time 
of  revolution  an  electron  in  the  gap.  Tor  electrons  traveling  et 
virtually  thj  speed  of  light  c in  an  orbit  of  mean  radius  r^^  » 1 meter, 
the  mean  frenuencv  f is 

•'  n 
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= 47,7  He. 


2.  Yoltage.  The  energy  of  an  electron  traveling  at  relativistic  velocity 
in  em  orbit  of  constant  radius  is  very  nearly  proportional  to  the 
intensity  of  the  magnetic  field  in  which  it  revolves.  A fairly  close 
calculation  of  the  mlnlBmm  voltage  required  in  the  resonator  gap  can 


1)0  made  assuming  strict  proportionality: 


The  energy  of  an  electron  during  synchronous  acceleration  is 

1 300  Br  . 

0 

Jot  acceleration  with  a constant  orhit  radius, 

1 dt  B:  dt  ° 

By  substitution  of  Xq.  (10)  in  Eq.  (11 }, 

^ 300  r.  . 
dt  dt  ® 


(10) 


(11) 


(12) 


The  change  in  energy  per  reyolution  is  thus 

AB/rev  - 300  r_  ^ = ZJTx  10~^  . (13) 

c o at  dt 

The  units  in  these  equations  are;  electron  volts  for  energy;  cm.  for 
radius;  gauss  for  flux  density;  seconds  for  time.  Since  the  electron  energy 
depends  upon  the  cumulative  effect  of  betatron  acceleration,  synchronous 
acceleration,  and  radiation  loss  from  the  orbit,  this  dependence  may  be 
written 

^ ^ !?rad  , (14) 

dt  dt  dt  dt 

7rom  Xig.  6,  the  greatest  rate  of  change  of  the  fliix  density  at  the  orbit. 

Just  after  the  flux  bars  saturate,  is  2.0  z 10^  gauss/sec.  Solving  Eq.  (13), 

the  acceleration  of  the  beam  requires  that  the  electrons  bo  supplied  1260 

volts/rev  for  this  rate  of  change  of  flux  density.  Measurements  show  that 

the  betatron  action  at  this  point  in  the  cycle  contributes  250  ev/rev; 

there  is  negligible  radiation  loss  from  the  electrons,  since  they  are  at 

comparatively  low  energy  and  since  radiation  varies  as  the  fourth  power  of 

their  energy.  Thus,  the  minimum  voltage  which  must  be  supplied  by  the 

resonator  at  this  time  is  1260  - 250  = 1010  volts.  Much  later  in  the  cycle 

6 

the  rate  of  change  of  the  flux  density  falls  far  below  2.0  z 10  gauss/sec. 
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but  the  radiation  effect  beeonee  elgnlflcant.  Ifeocimn  resonator  voltage 
is  required  when  the  electrons  have  about  290  Key,  where  the  rate  of  rise 
of  the  flux  denslt7  requires  $20  ev  per  revolution  and  the  radiation  loss 
i3  655  volts.  Ihe  betatron  action  supplies  only  95  volts.  The  resonator, 
therefore,  nust  supply  520  -I-  655  - 95  = 1080  ev,  or  about  the  sane  as  was 
required  for  the  steepest  part  of  the  flux  density  curve. 

In  practice,  the  resonator  must  operate  at  a voltage  exceeding  the 
Dininmsi  requirement  to  provide  phase  focussing.  Electrons  arriving  early 
at  the  gap  (orbits  too  small)  must  receive  a higher-than-minlmum  voltage 
to  be  brought  into  proper  phase  with  the  resonator.  If  the  resonator 
does  not  supply  a sufficiently  high  voltage,  much  of  the  beam  may  be 
lest  at  the  time  of  transition  from  betatron  to  synchronous  acceleration. 
Empirically,  it  has  been  found  that,  when  the  gap  voltage  is  twice  the 
minimum,  further  increases  in  the  voltage  add  very  little  to  the  beam 
intensity.  Varying  the  peak  voltage  produced  at  the  resonator  gap  varies 
the  time  in  the  resonator  cycle  at  which  the  electron  beam  crosses  the 
gap,  since  the  beam  tends  to  "lock  in”  at  the  precise  voltage  required 
to  maintain  the  electrons  in  the  orbit  determined  by  the  resonator  fre- 
quency. 

3.  Doration  of  radiofreouency  -Dulse.  It  is  desirable  to  have  the  duration 
of  the  rsuliofrequency  pulse  variable  from  a quarter  cycle  (l/l20  sec  at 
3O— cycle  magnet  excitetlon)  down  to  soine  mneh  smaller  yalue,  eo  that  the 
final  energy  of  the  synchrotron  beeun  may  be  set  for  any  desired  value 
over  a wide  range  from  the  energy  corresponding  to  peak  magnetic  field 
to  some  fraction  of  this  energy.  When  the  radiofrequency  pulse  is  cut 
off,  the  beam  spirals  inward  and  strikes  the  target  with  approximately 
the  energy  it  had  when  the  pulse  was  discontinued.  Electrons  lose  energy 
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b7  radiation  as  th«7  spiral  and  gain  some  energy  by  betatron  action  if  the 
central  flux  is  still  increasing  at  the  time  of  resonator  cut-off;  these 
two  effects  determine  the  time  it  takes  for  the  electrons  to  spiral  into 
the  target.  Ihs  exact  energy  of  the  beam  at  the  target  depends  upon  the 
magnetic  field  at  the  target  and  the  radius  at  which  the  target  is  situated. 
Tor  usual  target  settings,  with  2500-as^  magnet  excitation  and  full  quarter- 
cycle  acceleration,  the  electrons  reach  a maximum  energy  of  318  Mer  at  the 
design  orbit,  but  drop  to  315  Mev  by  the  time  they  reach  the  target. 

4.  Shane  of  radiofreguency  pulse,  k pulse  modulated  by  a rectangular  gate 
will  produce  a gamma-ray  beam  from  the  target  which  is  of  short  duration, 
because  all  the  electrons  reach  the  target  within  an  interval  of  about  10 
p.86c.  Ihb  EdTouitage  of  such  a short  electron  burst  is  that  its  energy 
range  is  small;  for  peak  acceleration,  the  difference  in  energy  between  the 
first  and  last  electrons  to  leave  the  stable  orbit  over  a period  of  10  psec 
is  completely  negligible,  because  the  guide  flux  is  not  changing  at  the  end 
of  their  acceleration.  However,  a short  gamma-ray  beam  is  undesirable  for 
many  kinds  of  counting  experiments  because  many  counts  may  be  missed  during 
the  counter  dead  time.  The  gamma-ray  beam  may  be  spread  out  in  time  by 
tapering  or  shaping  the  trailing  edge  of  the  radiofrequency  pulse;  as  the 
peak  voltage  at  the  resonator  gap  decreases,  electrons  spill  out  of  the 
stable  orbit  over  a longer  period  of  time,  depending  upon  the  pulse  shape. 
SlectrOu  bursts  of  the  order  of  milliseconds  are  obtained  by  this  method, 
but  at  the  expense  of  uniformity  of  energy.  The  energy  spread  is  about  2^ 
in  a 1-msec  burst  with  full  quarter-cycle  acceleration. 

5>  Starting  Jitter.  Experience  indicates  that  a maximum  uncertainty  of  the 
order  of  microseconds  may  be  tolerated  in  the  on-time  of  the  radiofrequency 
pulse. 


^5 


6.  Repetition  rate.  3!he  maxinnin  frequency  of  repetition  of  the  radiofre- 

“ « 

quency  pulee  is  the  same  as  the  excitation  frequency  of  the  magnet. 

7.  Iddy  currents.  Iddy  currents  in  the  conducting  surfaces  of  the  resonator 
produce  phase  shifts  in  the  magnetic  field  at  the  electron  orbit,  and 
also  cause  heating  of  the  resonator  due  to  resistire  losses.  It  is  de- 
sirable to  keep  these  currents  at  a minimum  in  order  to  maintain  orbit 
stability  and  simplify  the  cooling  problem.  Appreciable  temperature 
rise  in  the  resonator  coiiq}licateo  the  problem  of  maintaining  a vacuum 
seal  at  the  ends.  Eddy  currents  may  be  limited  by  laminating  the  con- 
ducting surfaces  using  strips  about  l/2  cm.  wide,  and  by  limiting  their 
thickness  to  only  a few  skin  depths;  for  silver,  the  skin  depth  is  about 
O.h  mil. 

2.  Oscillator 

The  oscillator  which  driwes  the  resonator  is  of  standard  design,  employ- 
ing a 7024  tube  in  a t\ined-plate  grounded-grid  circuit  (Elg.  14).  The  tuning 
element  is  a quarter-wave  coaxial  stub,  the  resonant  frequency  of  which  may  be 
varied  from  46  to  49  Me  by  adjusting  the  c*q>acity  C.  All  coupling  loops  and  the 
length  of  the  cathode  feedback  line  are  easily  adjustable.  The  oscillator  is 
modulated  by  a positive  pulse  from  the  shaper  which  drives  the  plate,  A CV  tick- 
ler oscillator  which  is  loosely  coupled  to  the  main  oscillator  helps  to  reduce 
starting  jitter  in  the  main  oscillator.  Oscillator  performance  has  bean  reason- 
ably good.  It  has  an  over-all  efficiency  of  a&d  is  capable  of  putting  out 

several  times  the  power  required  for  the  resonator.  The  present  design  has  one 
disadvantage,  however.  The  frequency  and  stability  of  the  oscillator  aru 
affected  by  the  load,  which  makes  proper  tuning  somewhat  difficult  since  near 
resonance  the  load  presented  by  the  resonator  changes  rapidly  with  frequency. 

It  would  be  better  to  have  the  frequency-determining  element  Iniependent  of  the 
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load. 


The  pulse  shaper  is  designed  to  give  a constant  voltage  for  the  first 


part  of  its  pulse  and  a decreasing  voltage  for  the  remainder;  with  it,  gamma-ray 
bursts  of  up  to  1 to  2 msec  duration  can  be  produced.  The  length  of  the  pulse 
from  the  shaper  determines  the  maximum  energy  to  which  electrons  in  the  vacuum 
chamber  will  be  accelerated;  acceleration  to  300  Mev  requires  a pulse  8-1/3  msec 
long.  Timing  controls  are  discussed  in  a later  section  of  this  report. 


3.  Hesonator 


The  requirements  imposed  by  the  operating  conditions  for  the  resonator 

are  somewhat  contradictory,  necessltaving  delicate  compromises  among  them.  Sela- 

tively  little  use  could  be  made  of  the  experience  of  other  synchrotron  pro^Jects; 

memy  construction  difficulties  were  resolved  only  by  trial  and  error. 

As  a part  of  the  donut,  the  resonator's  physical  shape  and  cross- 

section  must  be  in  conformity  with  the  other  donut  sections.  The  resonator 
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section  which  was  first  used  was  of  Corning  70?  glass  , which  proved  to  be  un- 

0 

satisfactory.  Since  the  45  resonator  section  could  not  be  blown  in  one  piece, 

it  had  to  be  built  up  of  three  shorter  sections  cemented  together;  this  caused 

vacuum  and  other  troubles.  Furthermore,  high  dielectric  losses  in  the  glass 

precluded  the  acceleration  of  electrons  above  100  Mev  with  60-cycle  excitation. 

Subsequent  resonator  sections  have  been  one-piece  fused  silica  sections  obtained 
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from  the  Amersll  Corporation  . These  sections  r^eoent  some  problems  because 
of  surface  irregularities  and  variable  wall  thickness,  but  several  resonators 
have  been  constructed  which  pennit  acceleration  above  300  Mev. 

The  physical  length  of  a quarter-wave  resonator  is  X/4>/^  , where  £ 
and  fi  are  the  electromagnetic  constants.  In  the  synchrotron,  the  synchronous 
vacuum  wavelength  is  just  equal  to  the  circumference  of  the  electron  orbit. 

The  length  of  a resonator  incorporated  into  the  donut  should  therefore  be 
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90°//?^  ; for  fused  silica,  this  aus^le  is  , It  was  desira'ble  to  reduce  this 
ao^le,  if  possible,  to  45°  for  ease  of  conetruction  and  because  the  remeizider  of 
the  donut  is  composed  of  15°  sections.  Attempts  to  lover  the  frequency  of  a 
resonator  by  loading  with  lumped  capacity  were  unsuccessful.  The  present  tuning 
method  is  to  reduce  the  wall  thickness  by  for  about  I/3  the  length  of  the 
resonator  from  the  voltage  (gap)  end  by  grinding  before  the  permanent  conducting 
surfaces  are  added;  this  lowers  the  frequency  by  approximately  8^.  Tesporary  con- 
ducting surfaces  of  copper  strips  are  used  in  testing.  Small  adjustments  in  fre- 
quency can  be  made  by  vsirying  the  location  of  the  gap  along  the  length  of  the 
resonator. 

The  conducting  surface  of  the  resonator  is  plated  on  after  Glyptal^'^ 
scribe  lines  have  been  painted  and  baked  on  the  fused  silica  to  divide  the  con- 
ducting surface  into  parallel  strips.  !Qie  scribe  lines  are  about  1/4  inch  apart, 
and  the  conducting  strips  are  about  1/2  cm  vide.  Silver  has  been  found  preferable 
to  copper  because  it  has  less  tendency  to  bridge  the  Slyptal  scribe  lines  during 
plating.  To  permit  efficient  operation  of  the  resonator,  the  conducting  surface 
should  be  thick  enough  to  provide  a hi^  (^number.  Silver  plated  to  a thickness 
of  1.1  Bills,  about  three  skin  depths,  affords  a theoretical  Q of  400,  which  is 
very  close  to  the  maximum  attainable.  The  thickness  is  specified  as  2 to  3 mils, 
however,  to  allow  for  irregularities  in  plating.  Thicker  surfaces  are  undesirable 
because  thoy  would  increase  the  eddy  losses  without  adding  to  resonator  efficiency. 
After  plating  scribe  lines  are  painted  with  India  ink  to  prevent  large  charges 
from  accumulating  on  them  due  to  electron  bombardment. 

Two  methods  of  scribing  are  Illustrated  in  fig.  I5.  Sarly  resonator 
models  were  scribed  vertically;  they  operated  satisfactorily  in  air,  but  were  in- 
efficient when  operated  between  iron  poles.  Tests  showed  that  the  poor  performance 
was  due  to  leakage  of  the  magnetic  flux  throu^  the  scribe  lines  at  the  edges  of 
the  resonator  (7ig.  15a)«  this  flux  induced  eddy  currents  in  the  pole  tips.  An 
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asBOciated  trouble  was  sparkover  between  adjacent  conducting  strips  due  to  a diff- 
erence in  potential  caused  by  flux  leakage.  More  recent  resonators  have  employed 
radial  scribing  (?ig.  15b);  they  operate  equally  well  in  air  and  iron,  and  give 
less  trouble  with  sparkover. 

Theoretical  consideration  of  the  flux  leakage  with  vertical  scribing 
indicates  that  leakage  is  to  be  expected  wherever  scribe  lines  on  the  inside  and 
outside  surfaces  do  not  match.  Consider  a cross  section  of  the  resonator  wall 
near  the  current  end  (Jig.  l6),  whs.  ^ inaccurate  scribing  has  caused  strips  of 
unequal  widths  on  opposite  sides  to  be  connected  together.  For  simplicity,  assume 
that  the  current  in  all  strips  is  equal.  The  total  current  jw  in  a given  atrip 
is  the  same  on  top  and  bottom,  but  the  current  per  unit  width  J varies.  The 
current  distribution  may  be  analyzed  into  two  additive  components,  which  are 
shown  with  their  associated  fluxes  in  Jig.  16  b and  c.  In  b,  the  current  per 
unit  width  is  equal  in  all  strips;  in  c,  the  remainder  produces  flux  leakage; 
this  case  may  bo  mapped  into  the  situation  shown  in  Pig.  15».  Ihe  voltage 
associated  with  a leakage  flux  may  be  understood  by  considering  the  path  abcda 
in  Fig.  17.  The  path  encloses  a changing  magnetic  flux;  hence,  the  line  inte- 
gral 

f j*ds  = Vgi  -h 

Since  all  of  the  path  is  embedded  in  conductor  except  da,  all  sf  the  voltages 

ore  «ero  exeent  T._.  which  must  be  eoual  to  di/dt.  This  argument  is  applicable 

* ♦ 

only  when  .1^  «A/4,  but  it  can  be  shoim  that  7^  is  not  zero  even  if  cd»  A/4. 

Two  silver  straps  are  soldered  facing  each  other  around  the  inside  and 
outside  of  the  reconator  to  provide  additional  coupling  and  vo  keep  all  strips 
at  the  same  potential.  Strapping  the  resonator  in  the  center  results  in  higher 
efficiency  and  a slightly  higher  frequency  than  strapping  at  the  gap;  locating 
the  cross  straps  at  the  center  also  lowers  the  voltage  between  strips  associated 


Conducting  Strap 


53 


with  flux  leakage  throu^  ecrlhe  lines. 

She  driring  line  froo  the  oscillator  to  the  resonator  is  a heavy  copper 
wire  enclosed  in  a grounded  copper  shield.  It  is  connected  to  the  resonator  at 
the  inner  donut  radius.  Stemding  %raves  in  the  line  may  he  minimized  hy  connecting 
it  at  a point  along  the  resonator  where  the  resonator  and  line  impedances  are 
approximately  matched;  hut  the  presence  of  flux  hare  in  the  magnet  precludes  com- 
plete freedom  to  select  the  drive  point.  She  line  has  been  connected  more-or- 
less  successfully  in  two  general  ways:  hy  horing  a hole  in  the  resonator  and 
connecting  the  line  across  corresponding  inner  and  outer  strips,  or  hy  connecting 
the  line  across  a break  in  a single  strip.  The  second  method  is  the  simpler, 
requiring  no  vacuum  seal  if  the  connection  is  made  across  an  outside  strip.  The 
first  method  is  considered  preferable,  however,  because  it  permits  tighter  phys- 
ical coupling  and  involves  less  danger  of  sparkover  from  the  drive  strip  to 
adjacent  strips.  The  likelihood  of  sparkover  is  further  reduced  if  the  line  is 
connected  near  the  current  (short-circuited)  end  of  the  resonator  and  away  from 
the  voltage  (gap)  end. 

The  radiofrequency  voltage  for  synchronous  acceleration  is  developed 
across  a gap  cut  through  the  instrips  at  a position  which  gives  resonance  at 
47,7  Me.  Gap  widths  as  wide  as  5/8”  b-b  narrow  as  l/k*  have  been  used; 
narrow  gaps  increase  the  sparkover  problem  but  reduce  the  accumulation  of  charge 
on  the  non-conducting  gap.  The  gap  sustains  potentials  of  about  25OO  volts  in 
air  and  more  than  3000  volts  at  n pressure  of  10“'^  mm  Installed  in  the  syn- 

chrotron, it  is  normally  run  at  1700  to  2000  volts.  Whether  the  gap  is  cut 
perpendicular  to  the  electron  orbit,  or  is  skewed  to  mors  nearly  equalize  the 
lengths  of  the  conducting  strips  has  no  appreciable  effect  on  the  performance. 

The  gap  voltage  of  the  resonator  is  measured  by  a pick-up  meter,  in 
which  the  voltage  Induced  on  em  insulated  patch  on  the  outside  of  tht>  resonator 
is  rectified  and  read  on  a direct-current  meter.  This  pick-up  voltmeter  is 
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cali'brated  against  a standard  meter  placed  across  the  gap  hefore  the  final 
assemhly  of  the  vacuum  chamber. 

Keeping  the  ends  of  the  resonator  section  vacuum-tight  has  been  a 
difficult  problem.  The  resonator  section  Is  attached  to  the  glass  sections  b7 
means  of  a rubberized  sleeve  several  Inches  wide  which  fits  over  the  two  adja- 
cent sections  at  the  Joint.  The  sleeve  Is  made  vacuum-tight  over  the  glass 
section  by  tight  binding  with  flshllne;  but  Irregularity  of  the  fused  silica 
section  requires  that  Its  end  be  built  up  and  shaped  with  cement,  or  that  it  be 

cemented  to  the  sleeve,  In  order  to  maintain  a vacuum  seal.  The  cement  used  on 

22 

the  resonator  section  Is  Insl-x  A-I50,  which  combines  good  mechanical  and 
electrical  properties.  Unfortunately,  this  cement  softens  at  about  the  resonator 
operating  temperature  and  occasionally  develops  leaks. 

4o  Besjnator  tests  and  performance 

Resonators  are  proved  on  a test  stand  before  they  are  used  In  the 
synchrotron  vacuum  chamber.  On  the  test  stand,  they  are  connected  by  slotted 
line  to  an  oscillator  of  the  same  design  as  the  oscillator  used  with  the  syn- 
chrotron. The  load  impedance  of  the  resonator  at  the  drive  point  and  the  power 
Input  are  determined  from  the  computed  characteristic  Impedance  of  the  line  and 
measurements  of  Its  standing  wave  pattern.  Power  Input  Is  measured  with  the 
resonator  In  air,  and  also  in  position  between  the  magnet  pole  tips. 

A well-scribed  high-^  resonator  should  have  no  *hot“  (broken  or  high- 
resistance)  strips  or  flux  leaks.  "Hot"  stripe  and  flux  leaks  are  located  with 
a small  neon  bulb,  a small  pick-up  loop  connected  to  a flashlight  bulb,  or  a 
small  pick-vqp  loop  connected  to  a diode  rectifier  and  ammeter. 

Efficiency  tests  on  one  of  the  most  recent  resonators  showed  a ^ of 
550  for  an  evacuated  resonator  surrounded  by  air  with  1000  volts  peak  gap  voltage. 
The  Input  power  was  110  watte.  When  surrounded  by  Iron  to  simulate  conditions 


55 

in  the  sib^uat,  the  Q wae  4?0.  In  both  cases,  the  resonator  was  driven  at  its 
characteristic  frequency  of  47.6  Me. 

Tacuon  leaks  at  the  resonator  have  been  responsible  for  a large  pro- 
portion of  synchrotron  shutdowns;  these  leaks  are  caused  hy  the  heating  and 
softening  of  the  sealing  cement  at  the  etids  of  the  resonator  section.  A newly 
mads  resonator  may  last  as  long  as  six  months  without  causing  a failure;  once  it 
begins  to  overheat,  however,  renewing  the  cement  seldom  keeps  it  vacuum  tight  for 
more  than  a few  weeks  at  a time  unless  the  cause  of  overheating  is  found  and 
corrected  or  the  whole  resonator  is  resurfaced.  One  resonator  failed  because  of 
charge  build-up  on  the  gap;  thickening  the  conducting  stripe  near  the  gap  so  as 
to  shadow  it  from  the  electron  beam  has  apparently  solved  this  problem. 

D.  Injection 

Zlectrons  ere  injected  into  the  donut  from  an  electron  gun  situated 
Just  within  the  outer  edge  of  the  donut.  The  electron  gun  is  mounted  on  the  end 
of  a long  hollow  metal  stem  inside  of  which  are  coaxial  conductors  supplying 
power  to  the  filament.  The  stem  of  the  injector  passes  through  a sliding  seal 
into  an  evacuated  side  arm  of  the  donut  between  the  two  halves  of  the  magnet 
coil.  The  radial  insertion  of  the  stem  and  the  angle  which  the  focusing  slit  of 
the  electron  gun  makes  with  the  vertical  can  be  controlled  remotely  by  a system 
of  gears  and  two  selsyn  motors.  Stem  and  electron-gun  housing  are  grounded. 
Xlectrons  are  injected  into  the  donut  in  burets  by  applying  high-voltage  pulses 
to  the  filament  through  the  couial  cable.  Since  the  electron  gun  is  outside 
of  the  stable  electron  orbit  in  the  donut,  the  injected  electrons  spiral  Inward 
toward  that  orbit  and  do  not  strike  the  injector  housing  as  they  revolve. 

Some  of  the  requirements  of  a good  injector  are:  vacuum-tightness, 
-large  filament  output,  fairly  good  focusing,  ability  to  operate  stably  for  long 
periods,  and  ability  to  sustain  high  voltages.  The  advantage  of  a high  voltage 
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at  injsetion  is  that  injection  takes  place  when  there  is  a higher  flux  density  at 
the  gap;  oi*hit  distortions  due  to  phase  shift  effects  of  eddy  currents  'become 
relatirely'  smaller  with  increasing  gap  flux.  The  injector  design  in  current  use 
was  eyolxed  from  the  trial  of  several  designs;  it  has  a msximum  design  output  of 
100  kv,  and  is  normally  operated  at  about  90  kv. 

The  injector  ie  fired  by  pulses  from  a 10 sk  pulse  transformer,  type 
23 

nt-30^X,  with  100  kv  maximum  output.  The  earns  transformer  supplies  60-cycle 
current  to  the  filament.  The  pulse  rise  time  is  about  5 psec;  it  decreases  some- 
what more  slowly.  The  pulse  is  originated  by  discharging  a 0.02  pf  condenser 
through  the  primary,  using  a 3022  hydrogen  thyratron  as  the  firing  switch.  The 
thyratron  becomes  conducting  when  it  receives  a signal  from  the  timing  circuit 
(described  in  a separate  section).  The  condenser  is  charged  from  a. variable  high- 
voltage  eource. 

Injection  timing  must  be  exact  to  0.1  psec  or  lees  in  order  to  maintain 
a constant  beam  intensity  from  successive  pulses.  Largest  electron  beams  are  o'b- 
tained  by  timing  the  high  voltage  pulse  so  that  it  is  tangent  to  the  stable  orbit 
electron  energy  vs.  time.  The  electrons  injected  at  the  time  of  tangency  are 
picked  up  at  the  stable  orbit  and  accelerated;  those  injected  at  any  other  time 
spiral  further  inward  and  are  lost  because  they  have  insufficient  energy  at 
injection.  The  timing  circuit  can  be  adjusted  to  make  the  two  'curves  tangent  for 
successive  pulses,  regardless  of  fluctuations  in  the  injecto.r  high  voltage  sup- 
plied to  the  condenser  or  of  the  rate  of  change  of  the  flux  df^lty  in  the  magnet 
gap.  Vhile  the  timing  circuit  can  be  adjusted  manually  to  fire  the  injector  at 
the  proper  time,  a much  simpler  method  is  to  use  a device  dubbed  the  "Autotrak" . 
This  device,  which  is  more  fully  discussed  in  the  section  on  timing,  automatically 
maximises  the  beam  intensity  for  any  given  injection  energy  by  means  of  a feed-  • 
back  system  which  regulates  injection  timing. 

The  average  operating  lifetime  of  an  injector  is  about  60  to  70  hours 
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vhen  the  filament  current  le  maintained  In  the  recommezuied  range  of  6 to  7 ampa. 
The  average  lifetime  decreases  when  the  Injectors  are  run  at  higher  voltages  and 
higher  filament  currents.  With  lower  filament  current  and  injection  voltages 
below  90  kv,  some  Injectors  have  lasted  well  over  200  operating  hours;  the  record 
was  327  hours.  The  usual  cause  of  Injector  failure  Is  filament  evaporation,  which 
can  cause  open  filament  or  hl^  filament  resistance  and  low  beam  Intensity. 

1.  Timing 

The  times  during  the  magnet  cycle  at  which  various  events  happen 
— Injector  fires,  resonator  staurts,  resonator  stops — must  be  closely  timed  If 
successive  bursts  of  electrons  are  to  be  uniform  in  energy  and  Intensity.  A 
variation  of  0.1  jisec  in  the  time  at  which  the  injector  fires,  for  example,  can 
cause  the  gamma-ray  output  from  the  target  to  vary  by  a factor  of  two. 

All  timing  Is  referred  to  a signal  received  from  a peaking  strip 
placed  In  the  magnet  gap.  The  peaking  strip  consists  of  a thin  ribbon  of  hlgh- 
permeablllty  alloy  placed  vertlcsdly  In  the  magnet  gap  and  wound  with  a coil 
of  about  100  tuii.6.  As  the  magnetic  field  passes  through  zero,  the  flux  In  the 
strip  goes  very  rapidly  from  saturation  In  one  direction  to  saturation  In  the 
other  direction,  Inducltg  a sharp  voltage  pulse  in  the  coll.  This  pulse  Is 
differentiated  for  Increased  sharpness  and  amplified.  Before  the  peaklng-strip 
signal  Is  allowed  to  trigger  any  timing  devices,  a gate  eliminates  those  pulses 
which  arise  when  the  magnetic  flux  In  the  gap  Is  decreasing  through  zero  and 
passes  only  those  pulses  which  arise  when  the  flux  Is  increasing  through  zero  In 
the  proper  direction.  The  gating  device  Is  a pentode  in  which  the  peeking  signal 
goes  to  the  grid  and  the  voltage  from  a wire  loop  around  the  flux  bars  goes  to 
the  screen;  the  polarity  of  the  screen  Is  selected  to  make  the  tube  conducting 
for  the  proper  flux  condition. 

A block  diagram  of  the  timing  circuit  Is  shown  in  71g.  18.  The  pjlse 
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from  the  peaking  strip,  by  opening  a grounding  clamp,  starts  an  integrator  in 
the  part  of  the  circuit  which  fires  the  injector.  The  integrator  provides  a 
coaqparator  with  a potential  proportional  to  the  flux  density  in  the  magnet  gap. 
This  potential  and  the  high  voltage  from  the  injector  firing  circuit  are  compared 
in  a 2-triode  univibrator  whose  output  pulse  triggers  the  thyratron  in  the 
injector  firing  circuit.  By  adjusting  the  grid  bias  on  one  of  the  triodes,  the 
injector  can  be  made  to  fire  at  the  optimum  time  for  a given  value  of  injector 
high  voltage.  Once  the  bias  is  set,  the  con^arator  will  continue  to  fire  the 
injector  at  the  same  value  of  gap  flux  density  on  succeeding  cycles,  despite 
small  fluctuations  in  magnet  excitation  of  injector  high  voltage. 

In  testing  the  timing  circuit  when  the  magnet  is  not  being  energized, 
a local  3C-cycle  trigger  circuit  is  substituted  for  the  peaklng-strlp  signal; 
this  local  signal  goes  directly  to  the  blocking  oscillator  which  feeds  the  in- 
jector trigger  because  the  integrator,  Emd  hence  the  comparator,  is  inoperative 
when  the  magnet  is  not  being  operated. 

The  delays  which  time  the  input  to  the  modulator  in  the  radiofrequency 
circuit  are  set  to  start  the  modulator  when  the  electrons  have  reached  the 
energy  of  transition  from  betatron  to  synchronous  acceleration  and  to  stop  the 
modulator  when  the  electrons  have  reached  some  predetermined  energy.  7or  maximum 
electron  energy,  the  modulator  is  activated  until  the  flux  in  the  ma^'net  gap  is 
at  its  peak.  The  electron  energy  at  the  target  may  be  reduced  either  by  shorten- 
ing the  period  of  activation  of  the  radiofrequency  modulator,  or  by  decreasing 
the  magnet  current;  the  latter  method  has  proved  preferable  when  a gamma-ray 
beam  of  long  duration  is  desired,  but  both  methods  aure  used. 

The  timing  circuit  adso  provides  two  extra  trigger  pulses  which  were 
included  in  anticipation  of  experiments  in  which  the  timing  of  the  deteetdr  would 
be  tied  in  with  the  time  of  the  beam  pulse.  The  "pre-trigger"  signal  can  be  made 
to  precede  the  end  of  acceleration  by  a short,  variable-  time,  while  the  "floating 
trigger"  can  be  adjusted  to  give  a signal  which  follows  the  peaking-strip  tlgaal 


60 


by  any  fixed  interral  from  zero  to  15,000  (leec.  The  "floating  trigger"  has  been 
used  extensively.  The  "prourpt  trigger"  and  "differentiated  R?  trigger"  have  been 
need  mainly  as  oscilloscope  sweep  triggers  for  adjusting  the  timing  circuit  and 
for  observing  the  output  of  various  besun  detectors. 

A feedback  device  called  the  "Autotrak"  can  be  used  in  connection  with 
the  injector  trigger  circuit  to  maximize  the  electron  beam  intensity  for  any  given 
injection  energy.  The  Autotrak  output  is  used  to  bias  the  conpsurator,  thus  vary- 
ing the  time  at  \dilch  the  injector  fires.  The  input  to  the  Autotrak  is  a 30-cycle 
signal  from  a photomultiplier  tube  which  is  activated  by  light  radiated  by  the 
electron  beam  (see  the  section  on  synchrotron  operation  for  details  on  the  "light- 
meter");  the  magnitude  of  the  photomultiplier  pulse  varies  with  the  beam  Intensity. 
In  the  Autotrak,  a crystal  diode  bridge  circuit  between  the  input  and  a scale-of- 
two  inverts  the  sign  of  every  second  pulse  from  the  photomultiplier.  The  resultant 
alternating  signal  is  fed  to  an  Integrator,  which,  in  turn,  sends  a signal  to  a 
"wiggler"  conqjonent.  The  wiggler  provides  inscabillty  in  the  injector  timing  by 
alternately  increasing  and  decreasing  the  comparator  bias  by  small  amounts 
successive  pulses.  A signal  from  the  integrator  causes  the  wiggler  to  "track", 
that  is,  to  increase  or  decrease  the  average  comparator  bias.  The  direction  in 
which  the  timing  changes  depends  upon  the  sign  of  the  Integrator  signal,  which  in 
turn  depends  upon  the  relative  beam  intensities  produced  by  the  higher  and  lower 
signals  from  the  wiggler.  The  circuit  is  designed  to  track  toward  higher  intensity. 
When  msLxifflom  intensity  is  reached,  the  integrated  signal  will  be  zero  and  the 
wiggler  will  stop  tracking;  it  will  restime  tracking  if  the  beam  intensity  on 
alternate  pulses  is  not  the  same. 
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7.  Clrcoita  and  Wiring 

The  control  circuits,  in  general,  were  built  to  follow  the  eyetea 
developed  at  the  University  of  California  Badiation  Laboratory  at  Berkeley.  All 
cooponents  of  the  synchrotron  can  be  operated  from  a centred  control  desk,  or 
console,  located  some  60  ft.  from  the  magnet  and  shielded  by  about  JO  ft.  of 
earth  and  concrete.  IXiplicate  controls  are  located  near  the  machine  for  check- 
ing particular  components.  All  relays,  switches,  interlocks,  etc.,  are  wired 
directly  to  a central  cross-connect  panel,  and  the  circuits  are  hooked  up  by 
point-to-point  wiring  on  this  panel.  Control  and  power  wiring  are  kept  separate. 
Remote  control  has  been  used  wherever  possible  in  order  to  keep  power  wiring  out 


of  the  control  room 
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III.  OPSSATIOH  or  THS  SIKCHROTROH 


A.  Calibration 

Before  the  STnchrotron  beconee  a useful  tool,  its  output  must  be  cali- 
brated. The  calibration  includes  measurements  of  the  following  quan^jt'ievt 

1.  The  energy  of  the  electrons  at  the  time  they  strike  the  t8a*gat 

2.  Zhe  time  distribution  of  the  beam  p\ilse 

3.  The  gamma  ray  spectrum 

4.  The  total  gamma  ray  intensity 

5*  The  angular  distribution  of  the  gamma  rays 
Zhis  section  is  devoted  to  a discussion  of  what  has  been  learned  about  these 
quantities. 

1.  Blectron  energy 

Zhe  energy  of  the  electrons  striking  the  target  has  been  determined 
measuring  the  magnetic  field  of  the  synchrotron  and  also  by  measuring  the  endpoint 
of  the  gamma  ray  spectrum.  The  field  was  explored  with  a rotating  coil,  which  bad 
been  calibrated  against  a flux  meter  using  the  proton  magnetic  moment  as  a standard. 
The  spectrxim  measurements  were  made  with  the  magnetic  i)air  spectrometer  which  was 
calibrated  absolutely  by  a current-carrying  wire.  Both  measurements  agreed  to 
within  one  percent  and  gave  an  electron  energy  of  315  Mev  at  the  peak  of  the  cycle 
under  standard  operating  conditions.  These  measurements  were  carried  out  during 
1951.  In  December  195^  ^4e  3^/4  inch  gap  in  the  synchrotron  mgnet  was  increased 
by  1/16  inch,  thus  lowering  the  electron  energy  to  309  Mev. 

2.  Beam  pulse  time  distribution 

for  most  experiments  it  is  desirable  to  spread  the  beam  pulse  in  time 
in  order  to  reduce  accidental  coincidences  in  the  counting  equipment.  This  is 
accomplished  by  shaping  the  envelope  of  the  signal  on  the  BT  cavity  in  such  a %ray 
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that  the  HT  voltage  slowly  decreases  below  what  is  required  to  maintain  phase 
stability.  Generally  the  beam  pulse  is  spread  to  2-3  milliseconds.  Under  these 
conditions  the  electrons  striking  the  target  vary  in  anergy  and  have  an  average 
energy  less  than  the  peak  reading,  for  a typical  beam  pulse  of  width  2.5  milli- 
seconds the  averse  energy  is  reduced  by  about  6 Mev  at  the  pesik  of  the  cycle. 
The  time  distribution  is  observed  directly  with  a scintillation  counter  whose 
output  is  displayed  on  a linear  sweep.  The  energy  effect  of  the  time  spread 
has  been  observed  by  the  spectrometer  in  measurements  described  below. 

3»  The  gamma  ray  spectrum 

Jor  an  ideal  thin  target  the  shape  of  the  gamma  ray  spectrum  will  be 

the  so-called  bremsstrahlung  spectrum.  A target  having  a thickness  of  about 

one-tenth  radiation  length  or  more  would  bo  expected  to  show  a spectrum 

measurably  altered  by  electron  energy  loss,  multiple  events,  and  gamma  ray 

absorption.  Sven  a thin  target  spectrum  is  difficult  to  predict  due  to  the 

Zk 

phenomenon  of  multiple  traversals,  demonstrated  by  Camac  . The  problem  is 
further  complicated  by  the  possibility  that  the  spectrum  in  the  core  of  the 
beam  may  be  different  from  that  at  the  edge. 

25 

Measurements  on  the  spectriun  have  been  made  by  UeWire  and  Beach 
using  a magnetic  pair  spectrometer.  The  spectra  for  thin  (l/2  mil  W ribbon) 
and  thick  (40  mil  V wire)  targets  are  shorn  in  figs.  19  and  20.  There  appears 
to  bo  a somewhat  larger  portion  of  soft  quanta  relative  to  hard  for  the  thick 
target  cos^red  to  the  thin  target,  the  magnitude  of  this  effect  being  about 
five  percent.  Other  runs  have  boon  taken  with  closer  spacing  of  points  nesur 
the  upper  energy  limit.  These  data  show  good  agreement  between  thick  and  thin 
target  and  indicated  that  the  electron  energy  loss  in  the  target  is  certainly 
less  than  ten  peircent.  The  effect  of  the  time  spread  of  the  beam  has  also 
been  obseirved  and  gives  reasonable  agreement  with  the  predicted  energy  spread. 
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Fig.  19 


Fig.  20  Thick  Target  Spectrum 
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I I The  accuracy  of  these  measurements  is  limited  hy  the  ten  percent  energy  resolution 

of  the  spectrometer.  The  shape  of  the  resolution  function  is  rather  veil  known  ^ut 
its  presence  materially  reduces  the  steepness  of  the  spectrum  cut-off. 

The  spectrometer  results  are  helieved  to  give  the  relative  spectral  shape 

I 

I to  five  percent  in  the  regior  from  one-tenth  to  nine-tenths  the  mayimum  energy 

I and  to  twenty  percent  in  the  region  0.90  to  0.95 
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4.  The  total  gamma  ray  intensity 

The  total  gamma  ray  intensity  from  the  synchrotron  is  normally  specified 
in  "equivalent  quanta"  or  Q which  ere  defined  as  the  total  energy  of  photons  U 
divided  by  the  maximum  photon  energy  Wq,  i.e. 

Wo 

q - U/Wq  » l/V^  W n(¥)  d¥ 

■o 

where  W is  the  photon  energy  and  n(¥)dW  is  the  number  of  photons  between  ¥ and 
¥ + dW.  A rough  approximation  to  the  bremsstrahlung  spectrum  is  n(¥)  = k/¥, 
in  which  case  Q = k.  In  any  case  a specification  of  Q and  of  the  spectral  shape 
allows  a determination  of  n(¥). 

The  standard  instrument  for  measuring  the  beam  intensity  is  the  ioniza- 
tion chamber  shown  in  Jig.  21.  The  chamber  walls  are  of  such  a thickness  that  the 
charge  developed  is  largely  due  to  ionization  by  electrons  of  a shower  near  the 
shower  maxiimun.  Since  the  number  of  electrons  at  the  shower  maximum  per  incident 
photon  is  roughly  proportional  to  the  photon  energy,  the  charge  collected  on  the 
chamber  electrodes  will  be  roughly  proportional  to  the  total  energy  in  the  beam 
U . For  this  reason'  the  sensitivity  of  the  chamber  is  most  reasonably  expressed 
in  units  of  Mev/coulomb. 

The  charge  collected  in  the  chamber  is  measured  by  a vacuum-tube 

26 

electrometer  designed  by  Littauer  . The  effect  of  ion  recombination  has  been 
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studied.  The  result  can  he  expressed  h7  the  relation 


where  I = observed  ion  current,  1^  '=  saturation  ion  current,  T -=  voltage  applied 

to  chamber,  and  is  a constant  proportional  to  the  incident  radiation  density  (per 

unit  area)  and  to  the  square  of  the  depth  of  the  ion  chamber.  The  pulse  length 

2 

does  not  affect  this  relation  so  long  as  the  ion  collection  time,  about  10  see, 

is  long  compared  to  the  pulse  time.  In  a typical  experimertal  arrangement,  we 

have  measured  T ^ 7 volts  for  our  standard  copper  ion  chamber,  at  a beam  in- 

0 

tensity  of  4x10^  equivalent  quanta  per  minute  through  a 3/4"  collimator.  Since 
the  chamber  is  normally  operated  at  35^^  volts,  the  recombination  loss  at  this 
beam  Intensity  would  be  of  the  order  of  2^. 

The  chamber  has  been  calibrated  In  two  w.3iys;  (l)  against  the  pair 

, V 27 

spectrometer  and  (2)  by  the  shower  method  developed  at  California  „ 

The  comparison  with  the  spectrometer  %ras  done  by  allowing  a collimated 
beam  to  pass  through  the  spectrometer  to  strike  the  face  of  the  standard  cheunber. 
The  collimating  slit  was  3/8"  x 1"  and  %rai8  approximately  11  meters  from  the  syn- 
chrotron target,  so  that  only  the  central  portion  of  the  beam  was  used.  The 
number  of  quanta  was  determined  from  the  counted  pairs,  the  known  radiator  thick- 
ness, the  calculated  geometrical  efficiency  of  the  spectrometer,  ana  the  pair 
cross  section  idiich  can  be  obtained  from  data  on  the  absorption  of  high  energy 
gamma  rays.  Huns  were  made  with  thin  A1  and  Cu  radiators  and  with  several  ioniza- 
tion chambers  idiich  were  then  intercalibrated.  Vor  the  standard  chamber  the 
sensitivity  was  found  to  be  3.74x10  Mev/coulomb  at  VTP.  This  figure  ir  believed 
to  be  accurate  to 

The  shower  method  was  used  to  obtain  an  independent  check  on  the  absolute 
calibration  and  also  to  measure  the  dependence  of  the  sensitivity  on  the  energy 
setting  of  the  synchrotron.  The  shower  curve  was  measured  in  a stack  of  aluminum 
slabs  two  inches  thick  and  twelve  inches  square.  The  ionization  was  determined 
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ty  inserting  a thin  chamber  between  slabs.  A typical  curve  is  shown  in  Jig.  22. 

Ihis  method  does  not  yield  an  absolute  calibration,  because  the 
density  effect  on  the  energy  loss  in  aluminum  relative  to  air  is  not  known  pre- 
cisely, A maximum  error  of  55^  ^8  been  estimated  for  this  effect.  Sensitivities 
obtained  from  these  measurements,  uncorrected  for  the  density  effect,  are 
3,74  Mev/c  at  315  Mev,  3.59  Mev/c  at  25O  Mev,  and  3.4?  Mev/c  at  197  Mev. 

Our  best  beam  intensity  has  been  about  3*10^®  equivalent  quanta  per 
minute.  More  typical  values  under  good  operating  conditions  range  about 
5x10^  equivalent  quanta  per  minute. 

!The  magnitude  of  the  circulating  electron  current  in  the  synchrotron 
is  monitored  by  measuring  the  amount  of  light  radiated  by  the  continuously 


accelerated  electrons 


She  light  is  brought  to  a photcmuitipiisr  tube  by  a 


mirror  and  iuoiue  light  pipe,  ihe  output  oi  the  tuce  is  tea  to  the  cirvOuit 
shown  in  Fig.  23  which  gives  a logarithmic  response  and  is  used  to  operate 
large  meters  in  the  accelerator  room  as  well  as  a pen  recorder  in  the  control 
room. 


5.  Ihe  angular  distribution  of  the  gamma  rays 


It  is  sometimes  important  to  know  the  angular  distribution  of  the 
gamma  rays  to  evaluate  the  results  of  experiments  where  the  beam  intensity 
varies  appreciably  over  the  face  of  the  irradiated  target.  An  approximate 
formula  for  the  angular  distribution  taking  into  account  the  angles  of 
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has  been  derived  by  Schiff  . 

Measurements  on  the  angular  distribution  have  been  made  by  Luckey 
in  this  laboratory.  The  method  involved  making  exposures  of  known  relative 
intenciities  of  standard  X-ray  film  behind  I/16  inch  lead.  Then  regions  of 
equal  blackening  were  plotted  for  the  different  exposures.  A curve  giving 
relative  intensity  per  unit  area  as  a function  of  angle  is  given  in  Fig.  24, 
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Comparison  with  Schiff's  formula  gives  an  effective  target  thickness  of  0.05 
radiation  length.  It  should  he  pointed  out  that  this  method  measures  the  angular 
disthihution  of  soft  quanta,  bo  that  the  effective  target  thickness  may  be  some- 
what smaller  than  that  quoted. 

B.  Badiation  Shielding 

By  piling  large  concrete  blocks  as  indicated  in  Pig.  25  it  has  been 
possible  to  keep  radiation  levels  low  enough  to  permit  experimenters  to  work 
within  reasonable  distances  of  the  synchrotron.  At  beam  levels  of  10^^  Q/min, 
however,  the  fast  neutron  levels  in  the  synchrotron  room  become  uncomfortably 
hi^  for  protracted  exposure.  Consequently  all  our  detecting  equipment  has  been 
moved  to  a detector  room,  separated  from  the  synchrotron  room  by  a minimum  of 
30  feet  of  earth. 

Pig.  25  gives  measured  radiation  levels  at  various  points  in  the 
room.  Gamma  ray  levels  are  given  in  milll-R  per  hour  and  are  measured  with 
commercial  ionization  chamber  type  radiation  meters.  Past  neutron  fluxes  are 
given  in  neutrons/cm^/sec  and  have  been  measured  with  silver  foils  Immersed 
in  water  end  with  BP^  counters  buried  in  paraffin.  These  radiation  levels  are 
referred  to  a beam  intensity  of  10^®  (J^^'mln  as  recorded  behind  a jt  inch  x i inch 
collimator  located  approximately  two  meters  from  the  synchrotron  target. 


Fig23 Light  Meter 
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Fig.  23.  Light  i*etsr  Circuit 


She  light  meter  monitors  the  STnchrotron  beam  bj  measuring  the  vieible 
light  radiated  by  the  electrons  as  a restilt  of  their  centripetal  acceleration. 
This  light  is  reflected  out  of  the  donut  by  a system  of  mirrors,  and  allowed  to 
fall  on  the  cathode  of  a photomultiplier.  The  emterneJ.  circuit  is  arranged  to 
turn  down  the  Toltage  applied  to  the  phototube  until  the  current  out  of  the  tube 
is  reduced  essentially  to  its  zero-beam  value.  The  amount  by  which  the  voltage 
must  be  reduced  is  a convenient,  non-linear  measure  of  the  beam  intensity. 

The  circuit  is  very  simple.  In  the  absence  of  any  light  a steady  dark- 
current  of  9 pai>  flows  in  the  phototube  T-1.  The  current  is  supplied  from  the 
TH  tube  T-2  through  a precision  resistor.  The  normal  voltage  applied  to  the 
phototube  is  about  I3OO  v.,  but  when  light  from  the  beam  causes  the  current 
from  T-1  to  Increase  it  drives  the  grid  of  T-3  negative,  causing  this  tube  to 
absorb  a greater  fraction  of  the  total  voltage  from  the  power  supply  (1700  v, ), 
33ius,  the  net  voltage  applied  to  T-1  is  decreased,  and  at  equilibrium  the  out- 
put current  of  the  tube  is  again  close  to  The  time-constant  is  made  long 

compared  to  I/30  sec.  to  integrate  over  several  beam-pulses.  The  individual 
pxilses  vary  in  height  as  the  beam  does,  although  their  average  magnitude  is 
held  constant,  and  can  be  used  for  automatic  tracking  of  the  Injection-time. 

1/50  of  the  photomultiplier  voltage  is  tapped  off  by  a resistance 
divider,  and  fed  to  the  first-  grid  of  T-4,  T-h  and  T-5  together  form  a fed- 
back  differential  DC  amplifier  of  low  gain.  The  24  v,  bias  on  T-5  brings  the 
signal  to  ground  potential  in  the  absence  of  any  light  falling  on  the  photo- 
tube, and  the  cathode  of  1-5  gives  a positive— going  signalat  low  impedance  when 
radiation  from  the  beam  brings  the  circuit  into  operation.  Any  number  of  30  v. 
voltmeters  can  then  be  used  externally  as  indicators, 

T-6  and  T-7  are  inserted  to  stabilize  the  zero-point.  As  the  photo- 
current  injected  into  the  circuit  is  1 educed,  the  grid  of  T-2  rises  in  potential 
until  the  diode  T-7  begins  to  conduct.  The  circuit  then  forms  a closed  loop 
inversely  fed-back,  and  clanq>s  at  the  proper  zero-level.  The  reference- 
voltage  for  T-6  is  used  as  a zero-set.  In  practice  it  has  been  found  that  no 
adjustment  is  necessary  over  periods  of  several  weeks. 
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Fig.25  Radiation  Level  around  Synchrotron 
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IV.  IV.  ACnfOWLSDfflffiDTS 

The  synchrotron  in  its  completed  form  represents  a great  amount  of  work  by 
maj^  people.  We  want  particularly  to  thank  our  colleague,  Professor  W.  M.  Woodward, 
who  ejogineered  the  radiofrequency  system  in  its  present  reliable  form.  Hany  of  the 
electronic  refinements  are  the  work  of  Dr.  H,  M.  Littauer.  Our  machine  shop,  under 
the  supervision  of  Mr.  C.  J*.  Tan  Amber,  has  uaiertaken  the  most  difficult  Jobs  with 
enthusiasm  and  completed  them  with  dispatch.  We  want  to  thank  the  many  graduate 
students  whose  devoted  service  has  been  vital  at  every  state  of  construction  and 
operation  of  the  machine. 

It  is  evident  that  the  whole  project  would  have  been  Impossible  without 
the  generous  support  of  the  Office  of  Baval  Besekrch. 
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